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1-;M HRA'OCiEN Y OF 'IHE PODOCARPACEAE 

J, T. IU.TC'HI101„Z 

FIFTY-TWO FIGFRES) 

Introduction 

Tile gorius Podoriirpiis is fiividtTl, according to I^ilger { 20 ], intcs I wo suligtaicru 

Sitirliyrarpiis and I^roiopododtr pus. 'The iatter subgenus is further sulxiivided 
into MAT'ral sections: I lacryearpus, Alicrocarpus, Nageia, and ICupoiloiarpus. 
Several \'ears ago the writer ’ 4 ! (‘ontrilaited a series of stages in the embryoga/ny 
of s(*vt*ral Species of Sbifliyitirpus. 1 he embryogeiiy of Dacrydium cuprfssinum 
IkuI been dest'ribed earlier (30 

I1u‘ present paper is eonctu’ned chietly with the enibryogeny of J hu'ryearpus, 
Nageiu, and Mupodoearpus. 1 lu! enibryogeny of additional represeiitativt s of the 
subgenus S7?i/7n’r f/r/>if.v and of Phyllorladus is descrilxai more fully than formerly, 
with special reference to details concerning the biniicleate embr\'oni(‘ and apii'al 
(’ells, 'lids paper records practically all the properly presinwed embryologicail ma- 
terial which it has thus far l)een possibh* to obtain from conservatories in this coun- 
try, from c<HTt*spondents in the Southern Hemisphere, or from colUrtions made lyv 
American botanists whi!i‘ abroad. 1 am indebted to 'IMr. If. W. Lawton of Welling- 
ton, Xi*w Z(‘alarid. for collections of Pmiocarpus Marra and si‘veral other species; 
to Dr. E. W. Sinmat for P. da('rydk}uks;'*AmiiQ Dr, XI. S. XIarkle for specimens of 
P. urbanii olitaiiHTi on Blue Xloiintaiip Jamaica, The material of /L marrophylius 
maki iP, t kinensisl was c*oI!ecled by the writer from, the conservatory of the Xew 
York Ihitaidu'al (kinUan While ! have observed many species of the IkKlocarpa- 
ceae on estates aiid in parks and public gardens in Californiaj very few of the 
species grown in this counlr\% askic from F, nmcmphyllus, were found to produce 
s(*edH. Honii^ in (liliforina produce pollen cones and ovules, i>ut unfortu!iati‘ly 
many of the plantings of rare species are so scattered as isolated specimens that 
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the dioecious species lack the facilities for pollination. Some of the maltn-ial of 
Pkyllocladusalpinus, used previously by Young (27), was found to intiude a num- 
ber of stages in the embryogeny. With the exception of the latter, which Inul Ijcci, 
sectioned, and some of the material of P- /otorrd, which was also tut Miiull'. , llu 
material was dissected and stained following the methods described elsewhere (51, 

The material of the Nageia section of Podocarpus and that of P. grarilior and P. 
amarus, belonging to the Stachycarpus subgenus, as well as that of a few S<nith 
American podocarps, was all obtained from dried herbarium- specimens. Inili y en 
larged ovules and seeds were cracked open so that the female gametojthyti- or 
endosperm could be removed and placed in water for a day or two. In man.v in- 
stances this tissue would swell by imbibition to its former size and .shape, regaining 
its full turgor. The technique of dissection which has been described (5 1 ff)r living 
or preserved material could then be used. In the instances in which the female 
gametophytes would not swell to their former size and shape, dissections were nuu h 
more difficult but not impossible. 

Fully enlarged ovules may be in stages before fertilization or have full\’ mat uri-d 
embryos. Only an occasional ovule will yield embryos in desirable earl>- stages of 
development. As might be expected, the embryos obtained from dried material 
are usually somewhat shriveled and deformed. Usually considerable endosijerrn 
tissue adheres to the surface of the suspensor and embryonic tips, and this is dif- 
ficult to remove. These tissues interfere somewhat with microscopic observation, 
and their complete removal is likely to damage parts of the embryonic structure.s. 
Nevertheless, after imbibition followed by staining with phloxine, the cell arrange- 
ment and number may be easily ascertained, and sometimes the nuclei may l)e 
observed; even chromosomes in late prophases of nuclear division may occa,si(in;tl 
ly be recognized. 

For the use of herbarium specimens, I am indebted to Dr. E. I). Merrill, Direc- 
tor of the Arnold Arboretum; Dr. Herbert L. Mason, Curator of the Universil}' of 
California Herbarium; Drs. Paul Standley and Julian Steyermark, P'ield rtiu.seum 
of Natural History; and Dr. J. M. Greenman, of the Missouri Botanical Gardtn 

The following list gives the species whose embryogenies are discus.se(l !)r de- 
scribed here or previously, with some of the synonymy, following Pu.c.icr I iq, 20 ' 
and in conformity with the 1930 and 1935 Amendments to the International Rules 
of -Botanical Nomenclature. 

Dacrydium cupressinum Sol. ex Forster. . , . . . . , New Zealand (3, 22) 

Podocarpus L’Hent. ex Pers. 

Subgenus: Stachycarpus Engl. 

P. spicatus R. Br. ex Bennett. . . . . . y, New Zealand (4, 22) 

P. ferruginous D. Don, , . . . , . , New Zealand (4, 22) 

P. usamharensis Pilger. . . . . ... . . .East Africa; cultivated in Jamaica (4) 
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P. grafitior Filger Mountains of British East Africa; Uganda; Ain’ssiiiia 
P. amanis Bliinie Northeast Australia; Ja:va; Sumatra; riii!ii)j)ini.* Is- 

lands; New Guinea 
Su!)gcnus: Proto j^odtuar pm Engl, 

St'clion I Dacrvcarpiis EndU 

P. diicrydimdes Rich.. .New Zealand ^22? 

/^ imln'icitins lilume British North Borneo and nionsfjun region 

Section II MicTocarpus Pilger. I no material obtained j 

Section III Nageia End,l. 

P. Hiinkonisis fla\'ata Formo.sa and Hainan 

P. nagi (dliunb.) Zoll. & Moritz . , .Southern Japan; ( 1 una ^26; 

P. tdumci End!.. Sumatra; Philippine Islands 

Section lU Euporhx'arpus EndL 

P, urlhinii Idlgia. .Jamaica 

I /F rcr/uccu Hook. ) 'I he Jamaica plant P. cc/P/ccu Hook. — P urlhinii, 
md P, roriiueiis I., (U Rich.; probably not tlu* plant collcctcxi by 

('OKKR (8) 

P. niorrop/iyllus fl'hunb.) I). 'Don in Lambert. . . .japan (23, 26); culti- 
vated in ('alih,niua 

P. macropkyllm maki Endl. . . . .J’apan; cultivated in New Orleans and 

California; North Carolina, to Florida 
Idle plant colhalixl by Co,ker (81 at Darlington, .North Car(.i!ina, prob- 
ably licloiigs here 

iP. fkiiiVHsis W’all. ex Endl.). '.rids speedes, according to Kauffkr, is 

tUdcii cu!tivat<‘d in conservatories c)f h(dani<*a.l gardens] 

conservatory of New \’ork Botanical Ganlen 

P, Klomeraius 1 )i)n Ecuador 

P. i'oriamis L. i\ Ricii. . . Vent'zuela; Puerto Rico 

P. purdetmus Hook. ... . . .Jamaica 

P. maiudiii Lundell.. . . ... . . ..... . .Soiithtnii Mexico 

P. ioiarra A. Viiim. iP, loiam D. Don) New Zealand {22) 

P. kail a 1 *. Kirk . . . . New Zealand ^22) 

(P. ioiarra var. Imllii [l\ Kirkl Pilger) 

P, nkhilis lltKjk New Zealand, (22) 

Phylloiiadiir alpiftus Hook. id. . . New Zealand (i, 13, 14^ 27) 

Saxegoikaea ronspkua LindL . ..... .(diile (1O5 17U, cultivated in British Isles 

In the descriptioics which follow, the Nageia grou{> of Podorarpm is treated out 
of its order, since it is tnore convenient to describe this embryonic type last, to- 
gether with several additional members of .the Siackycarpus siibgenus. dhis plan 
of treatment permits rendering the descriptions .based (.m some of the <irie<i ma- 
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terial by comparison with the figures obtained from properly fixed material. I his 
order also avoids the necessity of including a larger number of illustrations. 

Investigation 

Protopodocarpus, Section Dacrycarpus 

PODOCARPUS DACRYDioiDES. — The accompanying illustrations show a number 
of stages in the development of suspensor and early embryo of P. dacrydioides. 
These were dissected from preserved alcoholic material killed at Croydon ^ New 
Zealand, about January 30. While Sinnott (22) covered many of the stages in the 
reproductive structures, including figures showing the sperm and egg nuclei side 
by side in fertilization, the proembryo of P. dacrydioides beyond the first division 
of the zygote was not included. The earliest stage obtainable from dissected ma- 
terial is shown in figure i, in which the prosuspensor has begun to elongate but in 
which a tier of relict nuclei is still found above it. The embryo system shown in 
this figure has seven or more elongating cells in the prosuspensor, bearing four 
binucleate cells below at the tip. Figure 2 is from an embryo with a much longer 
prosuspensor, made up of nine cells, which bears five binucleate cells at the ti|); 
figure 2, a surface view, shows only three of the embryo initials, while figure 2a 
of the same embryo group in the lower plane of focus reveals two other binucleate 
cells, one of which is located in an unusual position between the prosuspensor cells 
and the others. The binucleate cells are probably organized in the proem brj’o and 
may be regarded as actual or potential embryo initial cells. 

In both of these embryo systems one of the embryo initials is much largt*r than 
the others. The largest may be located either at one side, as in figure k or more 
nearly in the center of the group. In early stages all binucleate cells are in ('0!itact 
with the prosuspensor at some point; that is, they usually form part of a singk* 
tier. 

Figure 3 shows two neighboring embryo systems with prosiispensors twisted in 
the characteristic manner, the one at the left with three embryo initials and the 
one at the right with four. By the time this stage is reached the grou})s of tan- 
bryonic initials are deeply imbedded in the female gametophyte, but tlu.*y still 
remain as binucleate cells. In figure 4, the lower end of a prosuspensor comp()Si‘d 
of about ten elongated cells bearing five embryonic units is shown. In iigure 5, the 
largest one of the group of five embryo initials has become aborted. Its disinte-' 
grating contents stain more deeply and traces of the nuclei are no longta* olmn'v- 
able. 

Figure i shows the free nuclei still in the base of the egg above the prosuspensor, 
forming a tier of relict nuclei, while figures 3 and 6, showing the upper ends of 
several prosuspensors, indicate a complete absence of rosettes. Rosette^ cells could 



I''fr,s. I-6." ■ Podocarpus tlacrydioides: Fig. i, earliest observed stage showing tier of relict nnclei above 
prosuspensor (ps) bearing four bimicleate cells; X150. Fig. 2, surface view of 3 of embryonic group of 
!>iiiucieafe cells. Fig. 2a, f>i)lical section showing cells in deeper plane of focus; X120. Fig. 3, 2 embryo 
systems, 3 binucleate cells borne on g-celled prosuspensor at left, 4 or 5 units on lo-celled prosuspensor 
at right; X 1 20. Fig. 4, lower part of prosuspensor having ii~i2 cells above, 9 below (where it bears 4 bi- 
nucleate cells?; X 1 20, Mg. 5, lower part of prosuspensor bearing 5 units with largest central unit dead; 
X 1 20. Fig. embry(.) systems, 4 binucleate cells at right, 5 embryonic units at left; X 120. Fig. 6a, tips 
of same ;X 240. Fig. large.st 4-celled unit still in contact with prosuspensor. 
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be observed only rarely in any of the embryos successfully dissected. Idguri^ 6 
represents two adjacent embryo systems in a stage slightly older than thoM* in tlu‘ 
preceding figure. The embryo system at the right, which may liavi' h</en more 
deeply imbedded, shows one of the four embryonic cells aborted. I he otliei tin- 
bryo initials in this group are still binucleate. The embryo system above at the 
left has just reached the stage in which some of the five embrc'o initials an* rv- 
placed by groups of walled cells. Some of the cells which remain binucleate in !.)ot h 
embryo systems of figure 6 show faint spindle fibers between the nuclei. I he bi" 
nucleate stage seems to represent, as showm by the persisting spindle fiber.s, a long ■ 
delayed telophase. Wall formation does not take place for many days a iter aiiual 
separation of the nuclei. The length of this interval is shown by the amount oi 
elongation of the prosuspensor between a proembryo- or an embryo younger than 
figure I— and one of the stage shown in figure 6. 

Figure 6a is a more highly magnified view of the lower end of the two s\'s.tem.< 
shown in figure 6. Figure 6 b shows the arrangement ol the cell walls in tin* upper 
or left embryo of figure 6 as this appears in a lower focus, indicating that a ter- 
minal 4-celled embryo has now been formed, and that this largest unit, as wvW 
each of the other embryonic units, is still in contact with the prosuspensfan ( )ni' 
of the other embryonic units has become 3-celled, and the two on the o|,)|)osite 
side, masked by the three which are shown, are dead. 'This is the cihlest stagi? 
observed in P. dacrydioides. 

In the steps which follow figure 6 it is probable that the largest ern})ryoni<' unit , 
which becomes the more protruding terminal embr}’o, pushes out a suspensor 
which thrusts the others upward with the prosuspensor. Several t>f the eml)r\a)s 
may do this, more or less simultaneously, a condition which would {)roduce {i^r a 
time a double embryo or one of several lobes, until one of the tips ultimatei)' out-- 
grows the others.' The general situation indicates that the eml>ryogen y oi /b dnrry- 
dioides has cleavage polyembryony, and there is considerable resemblamre in the 
embryogeny, thus far, to that of Dacrydium, after which this species of Podaairpm 
was named. A slight difference comes from the fact that in P, dacrydioides ai! 
embryonic units are in contact with some part of the prosuspensor, while !)a^ 
crydium (3) usually has two tiers of these terminal embryo initials, onl}' one of 
which touches the prosuspensor. 

There may be five, four, or a smaller number of embryonic units remaining hv 
the time cell proliferation of the individual embryos is initiate<i. In fax^t. s(*\'eral 
may become aborted during the observed stages of development. Figure (hi shows 
that they develop independently of one another, and the probability is that the 
embryo which ultimately survives is derived from only a single one* of thv bi- 
nucleate embryonic units. 

The writer has characterized the type of cleavage polyembryony in Dacrydiam 
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as determinate (3). That of P. dacrydioides seems to be similar but somewhat less 
defmite. The successful embryo, though larger at an early stage, may not always 
be situated in a terminal position. 

The cells of a prosuspensor do not all extend to the embryonic units below. 
Several may drop out, so that an embryo system such as the one shown in figure 6 
may have nine or ten elongated prosuspensor cells at the upper end and only 
seven or eight at the lower end, where their nuclei are usually located, with the 
ends of the short prosuspensor cells hidden or completely inclosed by the others. 
Rosette cells were rarely observed. In only one embryo system out of a dozen ex- 
amples was a rosette cell shown, and this had not divided. 

In the 4-cellcd eml)ryo of figure 6, one of its cells remains in contact with the 
prosuspensor, indicating that all the several binucleate units were situated in the 
same plane or tier below the prosuspensor. After this 4-celled embryo has greatly 
increased the number of its cells, a massive secondary suspensor may be expected 
to elongate from its distal end, pushing the smaller embryonic units and prosus- 
pensor upward. 

Poixx’ARPCs LNiBRiCATiJS. — Thc ettibryogeny of P. imlmcatus is similar to that 
of P. dacrydioides. The only material available came from herbarium specimens. 
Three or four binucleate cells, arranged as in figures 1-5, were observed on the end 
of a prosuspensor of about nine or ten cells. In a later stage a larger terminal em- 
l:}ryo was found on the end of a massive secondary suspensor, with a few smaller 
em!>ryos placed laUn'ally at various levels along the side of this suspensor system. 
'This arrangement indicates determinate cleavage polyembryony in a stage later 
than that shown in figure 6; otherwise there was nothing to indicate important 
variati^ms from the preceding account for P. dacrydioides, 

fhu )1'( moDOCARPUS, Section Eupodocarpus 

1lie procunliryo of a member of this group of podocarp species has been de- 
scTibed l)y Coker (8) and more recently by Tahara (26). ETom correspondence 
with Dr. ('ukf.r. including an exchange of specimens, it appears, fairly certain 
that the |>lanl wlmse embryogeny. he described belongs to a species, very close to 
P. macro phyllus maki, under which Pilger (19, 20) places as a synonym the P. 
chinnisis freciuently grown in conservatories. It is certain that Coker’s species 
could not have been P. urhanii Pilger, under which P. coriacea Hook, appears as a 
sMionym. I'he seeds of ('oKERis species are much too large and agree more closely 
with P. macrophyUus maki {P, ckimnsis) than with P, cariaceus Rich., wdiich I 
have examined from collections obtained at Maricao, Puerto Rico, and herbarium 
specimens coliectcd in Venezuela. 

PoDOCARPrs URBANIL— The proembryo. of this species has not been observed. 
From the c^arliest observed stages in the, embryo system., it m.ust be, assumed that 
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the proembryo is organized with two or three terminal biniiclcate bnriie uii 
the end of a prosuspensor made up of 12-14 cells. 

Figure 7 shows the earliest stage obtained from dissected material oi /^ arhinui 
collected in Jamaica. Two embryo systems are shown in whi(‘h thv proMHiimMa-,- 
have elongated greatly. The prosuspensor consists of about 12 14 ctTs at tlu' tup 
or base of the archegonium. These cells elongate together. AsC.'okkr f8) poiiitcfl 
out, some cells do not elongate fully, so that in figure 7 only seven or i-igiif rclb 
extend the entire length. The cells of the prosuspensor that drop out arr- irr^ 
quently situated in the interior. In later stages some of these ends heecaiiu* fiao 
(;fig. 9) and may form embryos on their ends. 

There is a slight difference between P. urbanii and P. marropInilHs miiPi * 
chimnsis). The former bears two or three binucleate embryoid<' ct’lls (fig. 7a, //- 
while the latter bears only one or occasionally two. This is another iValiire wIhti in 
Coker’s species (8) seems to agree more closely with P. mdcrophyllns maki ihafi 
with P. urbanii. Whether the binucleate cells are two {)r thn^e, tln-y wviv >o nr 
ganized in the proembryo. There are 3-5 binucleate cells in the vitv iairl\' embryo 
of P. dacrydioides (fig. i), 9-10 in P. usambarensis (4), and as I'aii \ra ini'- --iHnvn 
(26) — 7 or more in P. nagi, where they originate from the division of nuclei h\ 
walled cells of the, proembryo. 

Figure 8 shows one of these embryonic tips in a later stage in which the 4'Ccllcd 
groups belonging to each of three units are still distinctly recognizable. A ,-irniiur 
figure more highly magnified, with each of the three cmbiA’omh' groups eontainiitg 
about sixteen cells, is shown in figure 18. Figures 13 and 14, also mon* highl>' 
magnified, show 2- and 3-lobed multicellular embryos of similar and later >iagc>. 
These are still attached to the prosuspensor (though in figure 14 the largo! eim 
bryo is forming a massive secondary suspensor), wdiile in figures lo, i 3, and 1 7. all 
at lower magnifications, the secondary suspensor has elongated consideraldy. 

In the 2- and 34obed terminal embryos, one of the cell groups has grfmm faster 
than the others. It is likely that only a single cell group or hfi)e will ultimafpl}- 
contribute the single embryo that survives in the mature seed. Some of the indi- 
vidual units seem to povssess an apical initial cell which jrersists for a period, 
at most up to the stage of an embryo of 40-60 cells, llie apical wW is not ea>i!v 
recognized in surface views (as in these drawings) but is usually more distinct in 
optical section. 

Figure 9 is an older stage of P. urbanii in which three embryo s\‘sterns are 
found. The three terminal embryos have all become separated in this case, tnving 
to unequal growth of their respective secondary siispensors, while the termimil 
embryos belonging to the other two systems have become disorganizi‘<I as t hv vmh 
of their prosuspensor cells have become separated. The cells of the prosuspensor 
that do not elongate fully may become more or less dissociated. Wliere their eufls 



F'KiS. :* l^iHiarnrpiis nrh.iuii: 1*'}^. 7, 2 embryo systems with prosuspensors bearing 2 and $ bi- 
mideatc vr\]< (Xoo;; sht)wn in fsg, 7^; and fig, 7/^, X2()o. Fig. 8, tip of similar system bearing 3 4'CeiIcd 
emfiryos. j*'ig. p, 3 systems, longest with 3 embryos developing massive secondary suspensors (c/), 2 other 
systems u It h ti'rmiiial embryos unrecognizable and many small embryos formed on ends of prosuspensor 
cells; X70, l*lg. 10, tip fd embryo system with 2 terminal embryos on massive secondary suspensors of 
embryonal tubus (fi \ ; X 70. I'lgs. n , 12, upper ends of prosuspensors showing. embryos in rosette region; 
X.140. ' 
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emerge from the tangle of elongated cells they may enlarge consideralilv and <'ut 
off at their tips one or more cells which develop into small scconrlar}' (.‘nd)r\'os. 
Many of them are shown in the upper half of figure 9. h igure 1 6 sin nvs t w< > sv'st.ems 
of embryos which have disorganized into many smaller embryos, and tin* ti’rrninal 
ones shown below are not so large as in figure 9. I he secondary eniljryos tornicil 
on the ends of prosuspensor cells therefore appear to have a, primar}’ siispenscn*. 
However^ a true primary suspensor (single elongating cell given off by an em!)ryo ) 
is not found in this species. Thus the embryogeny of F. urhanii has cicavagt* 
polyembryony through the occurrence of secondary embryos formed on prosiis- 
pensor cells, as well as from the individual binucleate cells borne on the end of tin* 
prosuspensor. Some details of the manner in which the ends of prosuspenstn* cells 
form embryos will be shown in the embryogeny of F. macrophylliLs mala wldt/h 
follows. 

Figure i6a includes one of the largest embryos belonging to figure 1 6. 1“his was 
broken off during dissection and may be derived from one of the,* termimil binutie- 
ate cells. Two others situated at the lower end of figure 16, both belonging to the 
system at the right side of the figure, may have c{>me from a terminal lail. Idgure 
16J is an optical section at higher magnification, showing the interim! arrange 
ment of cells in relation to the apical cell. The terminal embryos belongiiig to tlie 
embryo system at the left of figure 16 are not recognizable with certainty, l)ut art‘ 
probably included among the many embryos in the upper half of this figure, 

A total of twenty-six or. more embryos is shown in figure 1:6. There are still 
more, but a number of them are situated beneath other structures. There are 
more than thirty derived from two fertilized eggs. The number of embryos of ail 
kinds is therefore about fifteen per system, or nearly one for each prosuspensor cel l 
plus two or three derived from the terminal binucleate cells shown in figure 7a and Ik 

The condition most frequently found is that shown in figure 9. The extreme 
cleavage polyembryony shown in figure 16 was found in about 10 per cent of the 
ovules of P. urbanii^ and in a majority of the preparations there was some clea vagi* 
polyembryony, since some of the secondary embryos were fouiKl on the isolated 
ends of prosuspensor cells. 

Figures 9, 10, 13, 15, and 17 show various stages for the terminal embryos in 
which massive secondary suspensors have appeared, A few embr^uis larger than 
these were obtained, but none were in the stage showing the organization of tlu* 
meristems which give rise to the root tip, stem lip, and cotyledons. Figurx‘s 1 1 and 
12 show the upper parts of prosuspensors with embryos formed in ihe position of 
rosette cells. Their origin is obscure. Sometimes the nuclei of prosuspensor cells, 
especially those that stay short, may remain in this upper region. Figures 1 1 and 
12 both show this condition, also some of the upper ends of the prosuspensors in 
figure 9. There is a possibility that embryos may arise from the upper ends of 
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Ficjh, i^-ib~Podocarpm urhanii: Figs. 13, 14, many-celled embryos on tips of prosuspensors, de- 
rived from 2 and 3 biniicJcalc units; X120. Fig. 15, later stage showing massive secondary suspensor 
of embryonal tubes entangled with ends of prosuspensor cells (ps); X70. Fig, 16, 2 embryo systems 
under conditions of general cleavage polyembryony, with many embryos on ends of isolated prosuspensor 
cells; X70, Fig. i6a, prosuspensor cells belonging to fig. 16, detached during dissection; larger embryo 
probably one of several derived from terminal binucleate cells; X 70. Fig. I6^5 enlarged view of one termi- 
nal embryo showing apical cell in optical section; X 140. 
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some of these, and the embryos of figures ii and 12 seem to conform to surh an 
origin. Occasional rosette cells may have failed to elongate, but none wiia* lound, 
in several embryos corresponding in stage to that of ligure 7. 

PODOCARPUS MACROPHYLLUS MAKI.— The specics labeled F, chinrnsis in the t on- 
servatory of the New York Botanical Garden fits Pxlgkk's description {'iq) oi tlu* 
subspecies maki (Seib.) very closely. It is rather certain that the plants in liar- 
lington, North Carolina, which furnished the embryological material for (’okmrs 
investigation belong here. As Pilger considers P. chinemii; a synoinin under P. 
fnacrophyllMS makij the latter name is used here. 

A few stages in the proembryo of this species were descrilx^d by ('okkr (8 a 
who reported sixteen free nuclei before cell walls appear. He shows two ligures 
with the prosuspensor beginning to elongate, both of which would pn‘('edt‘ iigure 
19. 

Recently Tahara (26) described the proembryo of P. macro phyllios from ma- 
terial in Japan. He states that the proembryo forms walls after sixttam free muiei 
have been formed, and his account agrees in its essentials with that of ( 'okkr (8) 
for this species. Tmiara shows definitely that in another species, P. the 
binucleate cells are so organized from the mitosis of a uninucleate walled cell of the 
proembryo. He shows also in his textligure 4 that two binucleate cells ma\' b(.‘ 
formed occasionally in the proembryo of P. macrophyllus, lluis there is no octra- 
sion for assuming that a single binucleate cell ever splits longitiulinully to form 
two units, where these are observed in later stages. 

Figure 19 shows a deposit forming above the prosuspensor, faintly corablike, in 
a stage of formation of the callose plug described by Coker (8). This dep{jsit is 
also shown in figure 20, but is not shown in most of my other preparations Ixecause 
these plugs had been removed during dissection in a search for rosette cells. Figure 
19 shows a single isolated rosette cell, and a few similar rosette cells were fouml in 
other embryo systems, but a tier of rosette cells is absent. Coker (8) speaks of a 
^Tosette,’^ but refers to the free nuclei situated above the prosuspensor, which dis- 
integrate when the callose plug is formed. Most investigators on conifer embry- 
ogeny have used the term rosette for a tier of walled cells in the original sense* of 
Mirbel and Spach (18), but of course Coker’s rosette serves to designate its 
position, if one were present. 

Figure 20 shows two binucleate cells at the tip. These may have had this or- 
ganization in the proembryo. Usually only a single binucleate embryonic vvW is 
found (figs. 19, 21, 22), and when this cell passes into the next stage it forms a 
4~celled embryo with the cells arranged in tetrad form (fig. 23). The mitotic iiguri*s 
of this division were not actually observed in P. macro phyllus maki but wen* in 
P. toiarra. A number of the 4-celled stages similar to that of figure 23 coukl be 
found, but it happens that none were observed in later stages with double cc‘ll 
masses that might have come from the two terminal cells shown in ilgun* 20. 
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P'igure 2T shows eight of the fourteen cells of the prosuspensor separated from 
the terminal } 3 inucleate cell, so that only six are left in contact with it. Two of 
these (‘ells have already formed at their ends embryos which resemble ones with 
primar}' sus])(‘nsors. In iigure 22 one of the prosuspensor cells has three nuclei 
without wails btlweim, and another has an elongated cell in place of a short em- 



1 7 “ 23. W' Podocarpiof itrhanii: Fig. 17, terminal embryo slightly 2-lobed on massive 

secondary suspensor; X70. Fig. iS, terminal group of 3 embryos, each with about i6 cells; X 140. Figs, 
ly 23, pMi‘rt)phyllus mahi: l‘lg. jp, i-arliest stage with single rosette cell, prosu.spensor bearing 
single terminal r<*}L Fig. 20, prosuspensor hearing 2 terminal binucleate cells; X140. Figs. 21, 22, de- 
tached prosuspensor cells forming embryos. Fig. 23, embryonic tip now 4~celled; X140. 

bryonic ('ell, indicating jK)ssible variability in the manner of forming the embryos 
on tlie ends of {)rosusj)ensor cells. Usually such an embryo does not become bi- 
nucleate, and as in the case of P. urbami—^e resulting embryos often become 

abnormal in appearance. Figures 25 -*27 not only show variations in these sec- 
ondary embrt'os but also indicate that they may not be exj>ected to be successful 
in competition witli the larger embr\'o situated on the end of the prosuspensor. 



14 


BOTANICAL GAZETTE 


is KPT KM BKR 


Figure -25 .shows, a separated prosuspensor tube which bears two secondary em- 
bryos on its end and shows also some very short prosuspensor (ulls in ilu: rosette 
region. The small embryo borne on the prosuspensor with an “a])pendix” in ligure 
26 is especially interesting. This prosuspensor cell did not (T)ngaie ful!\' and tin* 
peripheral tubes completely surrounded it for a time while it devciopi‘cl a tapering 
end. In the twisting of the prosuspensor and the breaking awa\' ot peripheral 
tubes, this cell developed a tube leading to the surface, on the expose<l end of whirli 
an embryo was formed. Later this tube became liberated, and ma\' have be*eu 
further loosened during dissection to give the a|;){;>earance shown in this hgiire. 
Tahara (26) observed a similar breaking away of cells of the prosuspensor on tin; 
ends of which embryos had been formed. 

Several stages in the terminal embryo are shown in figures 23, 25, 26, 27. 'The 
persistence in these figures of the pointed end found in the earlier Idnucleale stag{‘ 
gives assurance that a single terminal embryo initial usually does not s]>lil into 
several smaller units. 

While the stage shown in figure 27 is still far from differentiating the meristenis 
of its members, there is no doubt that this mass <.)f ceils will contribute to Oh* 
formation of a single embryo. The more mature stages of P, niacrophyllus art* 
shown by Stiles (23). In the cases with single binucleate cells, simple poInttu- 
bryony is the rule only so far as the terminal embryo is concerned. However, tin* 
occurrence of two binucleate cells (fig. 20) would provide exceptions to this ruk% 
and the potentiality of embryo formation in other cells is demonstratetl by any 
cell of the prosuspensor which becomes isolated from the others. 'Hie occiirrerice 
of these secondary embryos therefore results in a general condition of determinate 
cleavage polyembryony for P. macrophyllus maki, 

PoDOCARPUS TOTARRA. — This species illustrates another example of the* Kupo- 
docarpus type of embryoge.iiy. The proembryo of this species, incluc,ling P. iikaiky 
was described by Sinnott (22) as having sixteen free nuclei, which beccmii* ar- 
ranged in three tiers with walls forming before another division takes place. 1 he 
terminal embryonic unit is usually a single binucleate cell, above which are 7 t) 
prosuspensor cells instead of 14; and the remaining nuclei, which must therefore be 
less than the number of prosuspensor ceils, form a tier of relict nuclei above the 
prosuspensor tier and soon disintegrate. As in the preceding species, there is no 
tier of walled rosette cells, neither were isolated rosette cells observed. It appears 
from SiNNOTT^s description of the proembryo, supported by the fact that 7 lo, 
usually 8, prosuspensor cells are observed, that the relict nuclei situated above the 
prosuspensor must be few, unless the number of free nuclei formed is not strictl}* 
.sixteen. In any event the. proemb.ry.o of P. lotarra seems to differ somewhat from 
that of P. macrophyllus maki (8), a difference which is reflected in the smaller 
number of cells observable. 



i6 


BOTANICAL GAZETTE 


[SKl’TKMFiKR 


Figure 29 shows the entire section of an ovule of P. totarra containing an cm- 

bryo which, is in the stage of figure 31. With the exception of tlie liiibryo, I 1 k‘ 
drawing was made from a section of the ovule. The embryo was drawn from a dis- 
sected preparation of the same stage in order to show more t*frei*livi‘l\' the c mih/tl 
prosuspensor. The ovule gives the appearance of having a doid)le inttgoiment . but 
the outer fleshy layer is the epimatium or equivalent of the ovulifi-rous scale, 
which— as Gibbs (12) and Sinnott (22) have shown is fused with and <-nm- 
pletely surrounds the ovule. Figure 29 corresponds closel}' to Sixxoi r s photo- 
micrograph (pL VI, fig. 7). Sinnott (22) has given the conii)ara,tive dc^tails in tlu^ 
vascular anatomy of the ovules of the Podocarjiaceae for a considerable number f)l, 
genera and species. 

Figure 30 is a stage in P. totarra which follows the old(*st stage' ol an e/arl}: em- 
bryo illustrated by Sinnott (22, pi. VIIl, fig. 32). 11 h* latter sIujws a few relict 
nuclei above the prosuspensor, but in figure 30 such nucha* e'ould longer be 
found. A number of the prosuspensor cells have alrtaid}' broktm awa\'. Idgures 3 1 , 
35, and 37 show successive stages in the coiling of the prosuspensor. In ligun.'S 35 
and 37, two embryo systems are included. Although the {>rosus[)(msor tubes break 
away as they do in the preceding species, little was found to indicate tliat ihtw 
actually form secondary embryos. An earlier stage than tigure 30 was dissta'ted 
from an ovule of P. hallii (fig. 40). This embryo also has a single l)inudeate cell at 
the tip and is practically the same as P, totarra, 

, Occasionally two terminal binucleate cells were observed, even in stages similar 
to those shown in figures 30 and 31. Figure 34 shows the term,inal enibryo wheii it 
has become 4-celled. Figure 32 shows the end of an eml,)ryo s}^stem whidi had two 
terminal binucleate cells, one of which remains in this conditif>n and tin,* otlier has 
divided to form four cells. In this instance the four cells are not in tetrad form, so 
that only two of them could be shown in the drawing. Idgiire 33 is also a s}*sleiii 
with a double tip. The embryo in the background, of which only the c*dg(* is 
shown, is 4-celled, while the one in the foreground shows each nucleus of tin* f)i«- 
nucleate cell in mitosis. The lower mitotic spindle is in telophase and shows the 
line of a new cell wall which is forming on the spindle between these two muTu. 
The other spindle is in late anaphase with the axis of its spindle foreshorliun-tl. 
Both spindles have an abundance of spindle libers passing between the newl\' 
formed nuclei, but the phragmoplastic spindle fibers that persisted from tlie pri*- 
vious mitosis (shown in some of the binucleate cells, such as in figure (mi) are still 
to be seen between these two newer spindles. 

No doubt the wall between two binucleate cells is delayed until after this pair of 
spindles has given rise to four nuclei. The 4-celled stage in the terminal emhr}a.) is 
therefore derived directly from the single binucleate cell It is probable that in all 
podocarps the binucleate cells directly form similar 4-ceIled groups. Idgures 34 
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!’’i:(;* 21}. Si'ftiun < »f csUirc o\'uU* of PtHlucurpiis totarra. Embryo system as found in dissected prepara- 
tio!) dra.\vM in pl;u:e of Incomplete em!n-y<* system. bo<alk‘d ovuliferous scale is outer integument which 
envelops {A’uic; X3:i. 




Figs. 30-39 . — Podocarpus toiarra: Fig. 30, early stage with single binucleate cell hf^rne cm prusus- 
pcnsor; also several ceils detached from prosuspensor; X 120. Fig, 31, later stage after great ek*ngatioii 
of prosuspensor; X r2o. Fig. 32, tip of prosuspensor bearing 2 embryonic units, i still Ijiniicleate, oiIkt 
4~cened, only 2 cells showing; X140. Fig. 33, Mghly magnified double tip showing 2 di\'ision spimiks as 
both nuclei of binucleate cell form 4-celIed embryo. Note older phragmoplastic fibers extending }>etwe('n 
both spindles. Edge of 4-celIed embryo shown below; X650. Fig. 34, 4-cellcd embryo derived from hi' 
nucleate cell; X120. Fig. 35, same; X 120, Figs. 36, 37, 8-cclled and i2» to i6-celle<l embryos; Xi20. 
b'igs. 38, 39, later stages forming massive secondary suspensors; X 1 20. 




1941 


in]CHHOLZ-.PODOCARPACEAE 


19 


and 35 show 4~('(;llc(! terminal cnibryos; figure 36 has an 8~celled embryo; and 
figure 37 a 12- to i6“cellcd embryo. In these early stages of cell formation the 
total size of tl:u‘ embryo does not increase greatly until many cells have been 
formed. 

The stages betwtan figure 37 and the embryos of figures 38 and 39 were not 
available for sUk!\'. Idgure 38 shows the terminal embryo separated from a smaller 
cell mass hy its secondary suspensor (et). This condition was observed several 
times. Figure 39 is one of the oldest embryos dissected and shows in optical seo 
tiori that the urganization of the plerome of the root tip is just beginning. Except 
for the cases in which two ])inuc!eate cells are found on the end of the prosus- 
pensor, the (un!)r\'ogeny of P. tolarra usually follows a program of simple poly- 
cmbryon\a 'Ihe proeml)ryo seems to have undergone some kind of reduction from 
the ty|)e of dt:v(.iopnient shown in other species of Podocarpiis, and the later stages 
aj,>p(‘ar to have bec'ome modiiied so that cleavage polyembryony has become more 
or less sup|)resstf<l. 

lh,)i)0(’AKPi:s (iLoMKRATrs. -The embryo of this South American species was 
examined from herbarium material only. The writer examined an undated speci- 
men colk'cted by A. Rimbach (626) 'fin the valley of the Chimbo river near 
Guaranda, all. 2800 m. on the slopes of the western Cordillera’’ of Ecuador (Field 
Museum). 11ie emi:)r\-o complex dissected from this specimen included two sys- 
tems, the smaller of which was incomplete. The larger prosuspensor in this com- 
plex had about twelve cells in its upper part, where it joined the base of the 
archegonium, and of these about nine extended throughout the entire length to the 
enibr}'onic ti}). The latter was composed of three separate and distinct but closely 
grouped embryos, which if drawn would give a figure similar to figure 18. The 
three ern!)ryos had all advanced to the 8-celled stage, but they retained the original 
contours of tlie three biniuieate cells from which each was derived, so that it was 
evident that threc‘ existed! in an earlier stage (such as that shown in figure 76). 
The embryogen\' of P, iflomeraiu.s may be presumed to be very similar to that of 
P. urbanii, 

PoixK'ARPi'S c;uiUAi’Ki:.s. fi'he only stages observed with early developing em- 
bryos came from a herbarium .specimen collected by H. Pittier (8298) in Venezue- 
la, I)eceml)er 26, 1929 ''Altos de Galipan, Cerros del Avila, alt. 1600 m.” Three 
embryo systems on relativch' short and untwisted prosuspensors were found in the 
only ovule examined, fi'heir respective embryonic tips were composed of three, 
three, and two embryonic units, some of which appeared to be past the binucleate 
stage. The prosuspensors at the top or archegoniai ends had about cells. 

Provisionally one would describe the general embryogeny as resemblmg that of 
P, urhanii more closely than that of any other type which has been described. 

PoDocAKPiAS pi'RDEANUS. "l\vo ovules were examined from herbarium material 
collected by Britton and Holiick. (2798) in Jamaica, April 6-7, 1908. One ovule 
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contained a complex of two embryo systems. The two prosu.iH'nsoiv had n i a 
cells at the archegonial end. The number of binucleate cells or units borne on tin; 
end of the prosuspensors could not be determined. ! he cells ol^ the pm.'-u.speiiMii 
had become separated, showing a condition similar to that in figure Go with the 
terminal embryo larger than that shown in tigurc 17. 'I'lie partially diMiilegrated 
remains of thirty-three or more small embryos could be observed among the cm 
bryo complex of prosuspensor cells. 

The other ovule had only a single embryo system, with the termiiia! embr> o at 
about the same stage or slightly larger. The remains of about fourteen small ern 
bryos could be counted in and around the tangle of separated sfnuids of tlie pro 
suspensor. 

PoDOCARPUS MATUD.AI.- — Only a single ovule ol thi^ .Me.xican species was ex 
amined. This came from the Matuda collection (Q561, .Mt. .\vado, <ommv!iere in 
Chiapas, the extreme southern state of Mexico. The embr.vo coiniilex eontaiiu'd 
four embryo systems, each with about twcl%-e prosuspcii.sor i ells shown at the top. 
The lower end of the prosuspensor of the largest system showed nine eelh evtend 
ing to the tip, where the largest embryo had been Irroken oil. However, ihi~ Ian' 
est terminal embryo was lost in dissection. One of the sinaller aborted einbr.\o 
systems had a double tip. In one of these two cells the biiiuclcatc < oiulitiou t ould 
be observed distinctly. Another one of the aborted system had an einbryonie tip 
which showed several cells, but the nuclei could not be sivn. 

All the Central and South American species of Pudonirpm thus far examined 
(including several species not specially cited here) had about tweivi prosusjH-iisur 
cells at their archegonial ends. None of them agree with tin* condition found in tlie 
8-celled prosuspensors of the New Zealand species, P. ioUirni. P. InilUi, and /'. 
nivalis. 

PODOC.ARPtlS, SUBGENITS STArHY(,'ARl'rS 

PoDOCAEPUS GR.ACILIOR. — This spccies is placed in the Slutiiyfarpns subgeiius 
by P11.GER (19, 20). The specimen, which eontainerl a jiair of earl,v embrx'os of 
great diagnostic value, came from collections of Edgar .\. Mearns, expedition to 
South Africa (382), collected on June 7-8, lyocj, ‘‘between Aljoro-o-.\you and 
Narok river at an altitude 2000 m.” One ol the embryo systems is illu>tra.tetl in 
figure 41, with an enlarged detail of the lip shown in ligure 4i(/. 'I'here are about 
twenty cells in the prosuspensor, which bears ten cells at its tip, an<l in most ol 
these cells the two nuclei could be recognized under oil immcr.sinn. 'lliis nanark • 
able embryonic type was observed and reported in a slightly earlier stage for /'. 
usambarensis (4). The embryo of figure 41 has a cell in which the protoplasm has 
collapsed and the cell is nearly empty. There is a cell in the interior completely 
surrounded by the others. No later stages of P. gracilior were obtained, but four 
embryos of P. amarus belonging to this taxonomic category were obtaiiu-d from 



I'liS. 40 3?. Fitf. 40, furly t‘jnljryi> of Pudocarpus kallii; X120. Fig. 41, same of P. gracilior 
with iK 22 |j;o.«-u-|)on^ior iwlk, Inuring about 10 binucleate cells below; X80. Fig. 4^7, enlarged 
vit'W of htwvr vp.tl of tig, 4 i ; X 155. I*'ig. 4.?, early embryo of P, nankoensis. Prosuspensor broken in dis- 
sedioru but near!)’ all i- rt'presetUet]. li is made up of 18-20 cells, with a few isolated rosette cells 
above; it has ab-r) a club shaped ball at cytoplasm showing ir nuclei that may have come from relict 
nurlei uf egg tasity above prosu>pen>or, shrunken thus during drying; X80. Figs. 41, 42, from dried 
ht'rhariiuii material. Fie. 42a, /a two views, tip of hg. 42^ in different planes of focus; X 155. Figs. 43-50^ 
/V/y/ZorAa/jev dlphia: Fig. 43, eariie.d stage, 5 prosuspensor cells, bearing 10 binucleate cells below; X x 10. 
Fig. 4.1, 0 proMh^u nsor cells at left ami 5 at right ips), each bearing 1 1 binucleate cells; X no. Fig. 45, 5 
prosuspenwa-s bearing 0 idnucleate cells; Xuo. Fig. 4sa, tip of fig. 45 showing cytoplasmic strands 
between nuclei of terminal cell; X250. Fig. 46, oldest stage dissected. Figs. 47-So, successive stages 
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the A.D.E. Elmer collection of plants of the Philippine Islands < ii-so^ i. ■lhi.',s[)f. i 

men was collected in September, 1909, on the island of Mimlanuo, 1 odaAa Mt. 
Apo), District of Davao. 

PODOCARPUS AMARUS. — Three ovules were dissected. ( )ne endosjjerni rontained 
a complex of two embryo systems. The prosuspensor tif each system showed that 
it was composed of about twenty elongated cells at the upper or urcheKonnal end. 
and it had elongated to a length of 7-8 mm. On the lower end of <me of these s_\ s- 
terns, three embryos were attached by their secondary suspeiis<»rs. Tile terndnu! 
andlargest embryo had a secondary suspensor nearly 2 mm. long and was a conii a! 
mass of embryonic tissue of seventy or more cells. The ne.xt emiiryo, well si'|ia- 
rated but closely behind the first, was only slightly smaller, and the third was corn 
posed of about fifty cells. The secondary suspensors of all three were closely inter 
woven distally, and near their junction to the prosuspensor 7 H embryos were 
found which were much smaller and had not developed secondary suspeiisors. 
Nearly all these :ro-~ii embryos were situated so that they .seemed to Irelong to the 
same system. 

There were six separate embryos grouped near the end of the other pro.'.U'.pen 
sor. The largest of these had about twenty-live ceils and was ju>t beginning to 
form its secondary suspensor. Very few nuclei could be seen in cells of the prosu'- 
pensor, but the entire complex was covered with many starch-liiled imdosperm 
cells. It appeared that a few small rosette embryos were present, but tliis n-gion 
was covered with a deeply stained basal plate deposit which obscured these details, 

Both of the other two ovules of P. amams whose endo.sperm was dissei ted c«m 
tained single embryo systems; both showed about twenty cells in the up{>er imd.s 
of their prosuspensors, and in one of them there was a small rosette embryo, [(mb 
ably derived from an isolated rosette cell. One of these systems had elongated to 
about 8 mm. and was tipped by a group of six separate embryos, the largest of 
which was beginning to form its secondary suspensor and was composeti of aliout 
thirty-five cells. The other embryos of this group were smaller, and a few of them 
were somewhat irregular in shape. About 1 mm. back from the tip w'as the largest 
embryo, composed of about forty-five cells but w’ithout a secondary suspensor. 
There were a few other very small embryos, some of which appeared to have been 
formed on the ends of some of the prosuspensor cells. 

The other system was 9 mm. long but bore four terminal embryos on secundar\ 
suspensors. These embryos had slightly unequal, entangled secondary suspensors: 
the largest had about eighty cells, the others were estimated at sixty-live, fifty, and 
forty cells each. About 0.5 mm. back of this group was an embryo of about twelve 
cells and several smaller embryos of only a few cells, some of which apj)eared to 
so situated that they may have been derived from the ends of prosuspensor celb. 
Some of the prosuspensor cells had formed internal chains of embryonic cells. 
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If one may assume; that the embryos of P. iisambarensis, P. gracilior, and P. 
amariis are all essentially similar and present a general outline of the type of em- 
bryogetix' in this grouj), the conclusion is that these have cleavage polyembryony. 
Each of th(.‘ binucleate cells at the end of a prosuspensor cell in P. usambarensis 
and ]\ grarilior gives rise to a separate embryo, unless it becomes aborted in an 
early stage (»f development. I'he numerous larger embryos in P. aniarus must have 
been diTived from this number of binucleate cells. 

Protopodocarpus, Section Nageia 

'I'he embr\-ogeny of Podonirpus nagi has been investigated recently by 1’ahara 
(26), who fiescribed th<“ jrroembryo as having thirty-two free nuclei before walls 
are formed. Seven to nine of these nuclei become surrounded by walls, forming a 
tier of cells in the lower end of the archegonium. Above this tier the remaining 
nuclei become organized into another tier, with walls between the nuclei but re- 
maining oi)en to the egg cavity above. The next division of the nuclei forms a tier 
of 23 25 prosusp{;nsor cells with an open tier of relict nuclei above. No rosette is 
formcfd and no isolated rosette cells were observed. The nuclei of the lower tier 
flivide to form embryo initials which remain binucleate for the early period of 
elongation of the prosuspensor. In this account Tahara has answered the ques- 
tion of the precise origin of the two nuclei of the binucleate cells. His series of 
figures is complete enough to demonstrate that the two nuclei in a binucleate cell 
are not some of the thirty-two free nuclei held over but all originate from a cell 
with a single nucleus. I’his provides the basis for assuming that all binucleate 
cells in the Podocarpaceae have a similar origin. 

The emhryogeny of the Nageia group is very similar to that of P. usambarensis, 
P. gracilior, and P. amarus. An early embryo of P. nankoensis is shown in figure 
42. Here the prosuspensor, bearing a group of embryonic cells, is in an early stage 
of development. Tiiis embr\'o system, broken during dissection, has only a neg- 
ligible portion of the prosuspen.sor missing. There are 19-20 prosuspensor cells in 
its u{;>per part, with several rosette cells; at the embryonic end at least eighteen 
could he counted. The embryonic tip is composed of a group of lo-ii binucleate 
cells .shown in surface view in figure 42a, and in a median plane of focus in figure 
42/). whc*re only a few cells remain hidden. One of the largest cells, in a central 
position, has become abortive and lost nearly all of its protoplasmic content. Two 
ver\- small cells are situated in the interior, completely surrounded by prosiis- 
pensor cells above and by neighboring binucleate cells below. Owing to shrinkage, 
they show through in the surface view; in living condition they would be covered 
on all sides. It is only with respect to these small cells that this embryo differs 
from that of P. gracilior (fig. 41) and of F. usambarensis. 

Three embryo systems were observed in this stage. One of the embryos of P. 
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nankoemis, not illustrated, had no internal binucU^ale e(‘ll and another appraivd 
to have only one such cell, which was completely surrounded, ilolii ol thro* ludl 
lustrated embryos were without the abortivt^ cell slauvn in fiiunv:- .] i and 

These variations niay indiciite that thcMcxa arran.o-nienl oi l!a <rlb aiai fn*. 
stage of abortion of some of them, are variable and may be rela!i\ely uiiinsjMtriaiil , 
The rosette region at the top of the prosuspensor in ligiire 42 appi'urs to inu'e lour 
rosette embryos. One of the.m extends upwanl and Inm about t\ve!\e iiin lei in a 
dense mass of cytoplasm, surrounded by a common wall hut wifii no wadi- ,0 iia 
rating them. This may not be a true embryo but an apiHairama* {!iu‘ to Mune kind 
of artifactdormed during drying of the specimen, in whicli the irc-i' mn lei in the 
egg cavity above the prosuspensor were colk'dt'd into a hall oi i Uop!a-m, due 
rosette embryo is 2-celled, two others remain single-eelled. Rno-tte u'il> >imi!ar lu 
the latter were observed in the embryo of F. iLsamhiirf'nsis f4,L 1 In rc wart* r<i, -rUa 
cells and embryos similar to the smaller ones in llgura 42 on om* lha iUlia!- iv,n 
embryo systems not illustrated. 

While the embryos of ,P. nankocnsu, P. nagh and, P. hlumei w!ric:li mixv divu-i tad 
from herbarium specimens in later stages of develo]>riH'nl cnidd l,)a da-? ribad nutl 
would provide all the evidence needed to concludi* that < laa\a!ga pul\rml*r\ on\ 
found regularly in the Nageia group, it is deemed unni*aa>>ar} raiain lid- pnr 
tion of my description. The recent publication }>y Tauaka has shown lids alaa.r!\‘ 
from material prope,rly killed and fixed. Tahara\s taxtiiguri* 1 2 shows tin.* gaiui'al 
condition, after the embryos derived from the liinuclaaU* cells Irni'v iHu orna M*pa- 
rated on their own secondary suspensor. My material ronlirms his iTservat iiin> in 
all essentials; the.re is no doubt that cleavage pcfiyernbryoii}' is the iioriiuil 
tion in the Nageia group. 

The only difference in the observations of the wriUi* made upon iierbariuiii 
material indicates a smaller number of cells in the prcKsuspensor and a few more 
embryo initial cells in the terminal group. Occasionally oik* m two of tin* cells in 
the terminal group may be situated internally and com])!etel\' surrcaiuded by 
others, as shown in figure 42, 42a. Tahara’s figures, however, indii“a.te tlial liier<* 
may be more than nine; his textfigure loa, showing piarls live i’ells in the low4*r 
tier in the same longitudinal section, may have more than niiuy and Ids tewt figure 
10b shows a cell centrally placed so that it may l)e complete!}’ surroundrii !>}• 
others, as shown in ligure 42, 42a. 

The later embryo systems of the Nageia group, in whicii t!ie surviving terminal 
embryos had become large and developed two cotyledons, usually failed to >huw 
more than a few of the remaining abortive embryos. Wltli ver}’ careful di^se^1iu^. 
it was usually possible to count the upper ends of the prosiispnisors so that the 
number of embryo systems could be determined. 
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sniall al)ort(‘<! (inBryos; an ovule with six embryo systems had more than forty 
aborted eni!)ryos; anotlirr with four systems had more than twelve. P. blimei d.^- 
];H‘art‘d lo Ikiw* similar eonditions. In all the species of the Nageia group there were 
two co!yledo!)s, but one out of three of the embryos of F, blumeiha^d three. 


E M B R M i iC N Y O F Ph YLLOC LAD US 
first aeeniint of tin* special m<)vphology of Phyllocladtis alpimis 
Ko.dahl «i 4). This was ifu-ompk^te but was amplified considerably by Young 
(270 who <'on!med her an;f)unt to the stages through fertilization. Kildahl had 
iiK'luded a, few stages in the proembryo up to the stage with eight free nuclei, with 
no indicat i«on that wall formation was imminent at this stage. It is likely, there- 
fore, that sixt(H*n \ivv nmh^i are followed by wall formation. Since the earliest 
(‘inbryos available had 5 0 cells in the prosuspensors, bearing 9-11 binucleate 
embryonic cdls. the iwents arc* probably as follows: sixteen free nuclei are or- 
ganizc‘d with walls arranged more* or less in tiers of 5, 4, 3, 3, i or 6, 4, 3, 2, i cells, 
with tin* uppt'r 5- or b ce!lc'(l tier still open above. This is followed by a nuclear 
dix'ision in ea? h cell, tin* upper tier giving rise to 5-6 prosuspensor cells and an 
equal num])er of relic t nuclei (whidi soon go to pieces) in a tier without walls, 
dhe <} i i walled ^ ells below the* ]>rosuspensor tier would thus each become binucle- 
att*. and ff)llowing elongation of the prosuspensor— an embryo similar to figure 
43 would rc'sult. This is in gcmeral agreement with Looby and Doyle’s account 
of the proembryo of Saxri^olhaai (To, 17), which differs only in having a shorter 
|)rosu>pc'nsor rnadc^ up of a smaller number of cells. 

IP uj.ow’YY 1 13 f in his account of the embryogeny of Phyllocladus alpinus seems 
to have* overlooked the hinuchaite condition in the early embryonic cells. Figure 
43 npresemts out' of the earliest stages obtainable of the embryo of P. alpinus. 
lids cexample lias five c’eils in its prtvsiispensor and bears ten binucleate cells below 
in four tiers of 4, 3, 2, and i cells each. Figure 44 shows two adjacent embryo 
systems. 1 1 h‘ larger, at tin* Ic*fl, lias six prosu.spensor cells and lo-ii binucleate 
emhryordc cells in four tiers, and the one at the right with five cells in its prosus- 
pensor has tc*n ernbrx'oidc cc‘lls, nine of them binucleate and twm of them definitely 
iininuckaitc*. M’gure 45 has th'e cells in its prosuspensors (or six counting the short 
one above; and 10 hiniudeaU* cells below them. The enlarged drawing of this 
tip Uig. 45U ) shcAvs the* tcTphasic spindle fibers pas.sing between the two nuclei, as 
in several of tlu* cells in PmlofttrpHs dacrydioides (fig. 6a), 

idguri^ 4(1 sliows the okl(‘st embryo obtained from dissected material. In this at 
\eti>i six cells are found in the prosuspensor. The embryo has become large and 
miiltitxllular, and the b(\ginning of elongation of the embryonal tubes to form the 
secondary suspensor is shown. Although Phyllocladus has a very short prosuspen- 
sor, this member ap[)ears to he relatively longer than that of Saxegolhaea (lo). 
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Several stages in the embryogeny of PhyUccUidiix alpinus were also studicil irom 
serial sections. Four of these are shown in figures 47 50. Mgiire 47 i.' a stagi just 
after the embryonic cells have all become uninucleate, and would loiluw one ol the 
embryos shown in the dissected stages such as figure 44 or .14. it is iirohalfic 1 fiat 
each of the binucleate cells forms four uninucieiite cell^ a! a -ingli- a- wa> 
shown in figure 33. This, accompanied by a sliglit eniargeineni, would result as 
shown in figure 47, in which all cells were uninii<-leute. Here the apical ee!l ar- 
rangement with an appearance of segments may he due to an origin of groups of 
four uninucleate cells from each of 9 -1 1 binucleate c< lls arranged in a eonit al mass. 
In any event the mass shown in figure 47 did mtl i'ome from a single a[)iea! 
initial cell, and an apical cell need not be present to give this apiu-arame of seg- 
mentation. 

The next stage (fig. 48) differs little from that of tigun- 47 in its total si/.e. 
There are, however, more than twfice as many cells. .-Vn a[>ieal initial <'ell w:t' not 
clearly recognizable in this stage. Figure 49 Ls a median section in a later stags' in 
which the cells are larger, as well as more numerous, and the organization of tlte 
pleromic apex of the root is indicated by the centrally placed cell shown with a 
nucleus. All parts of this figure (about two-thirds of iti situated above this <eli 
belong to the calyptroperibleni (6), which merges into the secondary suspeiisor. 
while the embryo proper is derived from the eells below this pleromic apex. If a 
circular line were drawn to include the lower parts of this ligure and the cell with 
the nucleus included on its circumference, all the cells which give rise to the (,'ssen ■ 
tial parts of the later embryo e.xcept the cah’irtroperihlem would be included. 

Figure 50 is a section through the later embryo after the cotyledons havi: ap 
peared, but it is not a perfect median section, so that it shows only imperfectly the 
region of the pleromic apex of the root tip, which is now situated about three- 
fourths of the distance from the lower end of the figure. 1 wo cotyledon.* are 
shown, and (on the left side) a series of narrow elongated ceils mark the edge of 
the plerome in the hypocotyl region. The stem tip does not appijar to l>e idevateii 
at this stage. This is the largest embr>m which was available for study. One stage 
shown by Holloway (13) has the same width and differs only in being somewhat 
longer throughout. 

Discussion 

Before proceeding with the discussion, it is desirable to correid .some errors and 
misinterpretations which have appeared in certain accounts. I have also fallen 
into an error in my interpretation of the embryogeny of F. marrophyllus nniki 
given after Coker (8) under the name P. coriacea. 'i’he diagram published else- 
where (i, fig. 18) is incorrect. No primary susirensors arc formed by the terminal 
embryos borne on the end of the prosuspensor. 'The small embryos that appeared 
on the ends of single suspensor elements were erroneously inti-rpreted as borne on 
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primary siisjji’iisors. 1 know now that the primary siispensor is not usually present 
in an\^ species nl lUniorar ptis, l:)iit there are secondary embryos form.ed on the ends 
()1 (ietacl'ied ci‘lls ol the prosuspmsor, and these might resemble embryos borne on 
primary su sponsors. 

1 he probliin oi an apic'al eell in Pliylloiiaclus is somewhat related to the bi- 
nucleate cells. It may la* assumed from the observations on P. totarra (fig. 33) 
that each binucleate ('ell gives rise to a group of 4- walled cells at one step. After 
a simihir divisioip tlu* ernbr\'o ol PhyUodadus would have 40-44 cells grouped in 
lo n an*as. '! licsi* might appear as the* s<.‘gments resulting from, apical cell growth. 
It is easil\‘ pussibk*, therrlore, (‘special!}' where the shape of the entire embryonic 
mass ol c(‘lls \>. conical, lo Inul a U.'rminal group of four tetrahedral cells that give 
tl'ie a|)pca,runci‘ an apical ('cl! whic'li has produced a single-celled and 2-celled 
segm(‘nt m-xl to it. with tin* o!lu*r g-celled groups assuming the appearance of 
older st\gmc*nts. Although i illustrati-d such an embryo (ij fig. 20D), pointing out 
that onl} tho apical c'rl! c'omes from the lowest binucleate enibryonic initial and 
('annol b(; rrspon.-ibU* tor growl is ol all parts of the em,bryOj I am convinced now 
that tlu* existrin (" ol a tnu* apical initial ccdl in Fkyllodcid'US is very doubtful; if 
prc'^ent at all, it (Uts oil osdy a small number of segments before it disappears. 

In r(‘ganl to Iloij.uw.w's error 1 13) in failing to observe the binucleate cells in 
the (?arl}' i‘ml)r}’o of IdiyllodadHs, it should be stated in justice to him that it is 
ver}’ ditlicult to res'ognize this (‘ondition in serial sections alone; it might have been 
overlooked in the ^^edimis left from Vci'UNcfs investigation (27), which I have 
liefori* me- 

'Jlie differi'iict^s in emiiryogeny within the genus Fodocarptis are remarkable. 
Extremes are found in the num!:>er of prosuspeiisor cells, from about i9“22 in P, 
iisamlmmixis (4! lo seven, eiglit, or nine in P. Marra and P. halUL If the entire 
famil}’ is corisidcTetl lliis \'ariation is still greater, since the number of cells in the 
prosuspeiisor of PhylkkimlMs drops to five; and in SaxegoiJtaea^ according to 
Dovik and Iuhiby (xo), some embrj'os have four and others only three. Likewise 
the variation in the length of the prosuspeiisor is extreme. The longest knowm are 
found in t!u‘ plants closi*l\’ nbilcd to P. Hsambarensisj and in the Nageia group, 
the ones having twiiity or more cells in the prosuspeiisor. For example, Pilger 
( 201 mentions that lit* found a susjiensor system in P. amarus which was'30, mm., 
long. Of coufM* douliliess included a considerable portion of secondary sus- 
pensor. even llioiigh Pn.rmR mentioned that the embryo at the end was still very 
immatiinc \\ 1 tliin the germs Pmbfarpus the prosuspensor is usually relatively 
long, but in some other genera, such as PhyUodadus and Saxegothaea (10), the 
siispensor is vi*ry .diort. In oiii‘ of these two genera it reaches its known limit for 
shortni*ss. lliere is also ('oiisidcrabU* variability in the behavior of the cells of the 
prosusp(‘n>or. llu/v ma} remain closely attached to the terminal cell or group of 
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cells as in Poiocarpus spicakis (4) and in Dacryiimn (3),, or they nia\’ iMTurnr 
separated so that all or nearly all become embryonic as in P. nrlhuiiL 

The presence of i“i2 or more biniicleate cells at tlu‘ tip mi’ llir pr.iMi- pm-nr i* 
another remarkable feature. Thus far, all podocarps examined in the prupm* ''Oaie* 
have had binucleate embryonic cells. .Tills list now mnnlH‘r> nifuietii hm ir-. win n 
Saxegothaea is included, and embodies four genera of llir rmbr!iiiiale!\;' 

Sahni (21) makes no 'mention of the embri'oriic cells in Ids ii(*tai!t‘ci sUid\" of 
Acmopyle^ but his figures show that it has a long, Wib-devdoped |)rosu.-pehM fix ami 
his work proves on other grounds that this genus Indongs to iln* Podoiarpaeeae. 
Likewise Lawson (16) has overlooked this condition in M iiUk'Aitlirys, if it oruir^ 
there. His investigation, however, like that of Iff)mjn\'A\' (13) un /V/y//ec/ui//f> , 
was confined to the study of serial sections. 

In spite of the variations within the family in the relativr It-ngili and nuinb(, r ai 
cells of the prosuspensor and in the number and arrangrinnit of ihr bimicbatr 
embryonic cells, there is an orderly transition from onr twi rmir lu t hr ut hrix wliii h 
is not in great disagreement with the arrangdntml in gmirra, -ubuiiirra, and -pr 
cies. Some transfers in the taxonomic groupings wilidin llir gnitm i^tnun-firpH'- will 
be necessary, but these will be discussed latcax 

If the primary comparisons could be made Ind-Wt/rn thr promnbrxo-. this on 
doubt would afford the most satisfactory basis for the huger gnnipings. 1 iowrveix 
the proembryos of only live types have actually beiii ot)servi‘d. I’hese an* Saxvgo • 
thaea (10, 17), Podocarpiis spicatus (22), P. macro pkyll as maki f8, 26 P P, Uiigi 1 26?. 
.and P. totarra (22). With these as a background, a t'an*fiil stud\' of tlie earl\ 
embryos of the remaining species makes it possildi* to estirnale the prolnible 
proembryos in most of the remaining forms examined. 1lds was done for /Viyl- 
lodadus alpims in an earlier part of this paper. 1 1 can also \iv done fi ir Ihirrydiitm. 

Dacrydium has 9--11 prosuspensor cells, wliich if prodiux'd in the u>ual inan- 
ner— have had an equal number of relict nuclei in a tim- above the i)rosusj)eiisor. 
If walls are formed in its proembryo after sixteen free iiudei have* appearml, and 
5“7 cells arranged in two unequal tiers below are to form this numlier of iinljr\ o 
initial cells, this would leave 9-11 nuclei in a third tier, whosi* ^lixdsion would rv- 
suit in a prosuspensor tier and a tier of relict nuclei, with the 5 7 <'mbr\'onie ivlb 
becoming binucleate. Variations are to be expected. An oecasionul nurlrus in the 
upper tier which fails to divide and joins the group of relict nuckn would dt'ert'a>e 
the number of prosuspensor cells, etc. In the i)roenibr>a) of P, dacrydioidcs a sinii 
lar program would be expected, except that here the embryonic cells are ivwvr and 
would be arranged in a single tier. P. usaoiharensLs and P, gracilior hnvv eari\' 
embryos which are very similar to P. mgi as descrilxxl In* 1 ah aka. ,\11 t Iu‘si‘ niiisl 
have a proembryo in which thirty-two free nudd are formed befon* walls appi^ar. 

Of course, some of the proembryos of the Podocarpaceae just described are 
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hypollu'tic^il. Several of those actually observed should be more fully investi- 
gated. ( oinparisons ol the proembryos of this family cannot be made on the basis 
ol lull}' kmnvn ia.cls, l)ul c<)mparisons of the early embryos — in which the nearly 
compa.ra.bl(‘ stag(‘S havx‘ actually been observed — are possible. Figures 51 and 52 
show a, si'ides ol diagratns, drawn to the same scale of magnification, embracing the 
types ol early embryos ioimd in the Podocarpaceae, so far as these have been in- 
vestigate<i. d lie numbers f>f binuclcate cells in the terminal group are shown by 
nurncaails placed below them and the numbers of cells in the prosuspensor by 
nunit*rals abovt*. 

1'his serii's i)\ embryos probably includes the extremes of embryonic types to be 
loimti in t Ids lamily. 1 lie number ()f biniicleate cells ranges from twelve or more in 
lour tiers Mig. 51 1 bt*!ow tlit‘ pn)siis])ensor, through about 7”ii binucleate cells all 
arranged in a single tier, down to th(‘ single binucleate cell shown at the right (fig. 
v>n ( )ne eouid not expia't to Imd fewer than one binucleate cell at the tip, or to 
}in<l iewer than three in tin* prosuspensor at the other extreme. The prosuspensor 
varies, not only in llu* niimlxu' ol cells of which it is composed but also in the extent 
to whii h these e!ongat(*. In luiure researches on podocarps, it may be expected 
that t!u* remaining spta ies will lit somewhere in this series. The order from left to 
riglit is in general agretaneni with the taxonomic arrangement of the genera and 
speedes within the larnilw but it includes two rearrangements in the groupings. 

Jhierydiam i> insertixi near the* middle of the series; and the Nageia group, which is 
placed bi\si<ie it. must include also I\ liSiimbarensis, P. gracilior, and their close 
relative, which would \h‘ transferred from the subgenus It is evident 

that tile genii> l^nlmdrpuH breaks up into several smaller groups in a new arrange- 
ment, among winch Dafrydiuni ma}* be in.serted. 

'The genus l^nlm'drpHs presents almost as great variety in embryogeny as the 
taUire fandly Podoi arpaeeaca While figures 51 and 52 also include the three genera 
SiixYgolhavfL PhylliHiadiis. and Dacrydium^ the addition of these does not greatly 
increase tin/ raaigi* of t \‘pi*s sliown by the species of Podocarpiis, This genus seems 
to embrata' suflicitmt variet\' t.o deserve segregation into several genera, although 
siiiii splitting would setmi jiremalure in the present state of our knowledge. It 
would also st*em imprui tical, if the only differences are to be found in embryogeny. 

Xo dmibt there are exti-rnal taxonomic differences correlated with these variations 
in em!)!*} ogenw A careful study of the detailed morphology and embryogeny of 
all pos.-ib!e forms ^ho‘uld lx‘ made; then the correlated external taxonomic dif- A 

fereiK’es will iHTomtmippareni. 

The que-i.ion as to whii h embr\'ogeny is the most primitive presents itself. The 
answer giia-n from a. stud}’ of proembryos would lead to the selection of a type 
('lose to /b lis^uuhdrvHsLs and the Xageia group, since this type would have thirty- 
two free nuclei l>ef(tre walls are formed, in closer agreement with the number found 
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in the Araucaraceae (7, ii) and Sciadopitys (25). The same selection is suggested 
when the series of early embryos is examined. T he modification in evolution within 
the family seems to have taken place in both directions from near the center of the* 
series shown by -figures 51 and 52 combined. Whether the embr\'onic cells are 
arranged in a single tier or in two is relatively unimportant, since a prc)gressi\x^ 
narrowing of the archegonia would bring about the change shown in the direction 
of P. spicatus and Saxegothaea, It is not likely that one would select eitlier of tlu* 
extremes in this series if the postulated prototype is to have features in common 
with other groups of conifers. 



Fig. 51. — Diagrammatic comparison of early embryos of Podocarpaceae showing, by numerals placed 
above the figures, variations in number of prosuspensor cells and by numerals bebnv the ligiires, varia- 
tions in number of binucleate embryonic cells. The latter are arranged in 4, 3, 2/tit‘rs or in a single tier 
(continued in hg. 52). 

The embryogenies of Araucaria (7, 24) and Agathis (ii) have been unic|ue ami 
puzzling. They could not be related closely to any other conifer, partly becau.se 
the numbers of free nuclear divisions in the proembryo have greatly exceeded 
those known to occur in other genera and partly because the organization of the 
early embryo is unique. It is desirable, therefore, to digress in order to point out a 
feature wherein the embryogeny of some of the podocarps offers some clues in their 
similarities. 

Figures 41 and 42 of P. gracilior and P. nankoensis show a plan of cellular 
organization very similar to the early embryo of Araucaria and Agailils. As 
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pointed out, these podocarps and also P, usambarensis (4) must have thirty-two 
free nuclei in their proembryos before walls appear. This is a condition nearer to 
the araucarians than is found in any other member of the Podocarpaceae. Further- 
more, this cellular organization sometimes includes a few internal cells completely 
surrounded by others. In araucarians the number of cells included in this internal 
group is much greater than in these podocarps. They are all uninucleate; also the 
cells that form the cap are more numerous, and these are all uninucleate. The 
number of cells in the prosuspensor of the Araucariaceae and of these podocarps is 
about the same, and these are uninucleate in both families. Armicaria has simple 



t Hi. 52 . •{ !umpariNO!i of tnirly nnihryos of l'*odocarpaceae (continued). Podocarpus includes the widest 
range of variatimi found in any genus of Coniferales. In the- above group the number of embryonic cells 
ranges from, ts 1 , all in a single tier. .VI! diagrams are approximately to same scale. 

p<tiyembr\'on\' while the species of Podocarpus in question have cleavage poly- 
eml)ryony. Some of the binucleate cells in these podocarps may abort without 
forming embryos, while in A rauenria and Agatkis all the peripheral cells that form 
the cap are abortive, ami only the group of internal cells actually forms the em- 
bryo. While tine embryogenies of araucarians and certain podocarps still stand far 
apart, thest! t'ornparisems are the closest that can be made between the Arauca- 
riaceae and any otht*r group of conifers. There are, of course, many other morpho- 
logical similaritiifs between these two families. 

The genera and species which appear to have simple polyembryony are PhylU- 
claduSy I^odomrpus spicatuSy P . ferrugincm (4), and P. Marra, together with the 
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forms closely related to the latter. Those with, some (le.i«:rec of ck^axTiae poI\ ■ 
embryoiiy are Saxegothaea (lo), Dacrydium (3), Podocarpus dacrydioidvs, P. 
bricaPuSj P. urbaniij P. mcicrophyllus niaki, P. glomcrains, and P. purtlcdnus. !n a 
number of these, simple polyembryony may be the appaiaait condition, for wiu‘n 
cleavage polyembryony occurs it may be of the determinate l}'pe shown b\‘ l\ 
urbanii and Dacrydium (3). The more open or indeterminate t> pe oi (ieji\age 
polyembryony occurs in the Nageia group of Podocarpus, including willi tiioni 
P; ■usambarensis, P. graciliorj and P. amarus. All of these tonus thus lar studied 
have cleavage polyembryony. 

All the Podocarpaceae show a polyembryoiric organization b\' the orcurrence ol 
the binucleate cells; those with more than a single biruicleate cell an* i'SH-ntially 
polyembryonic and of the cleavage type. The podocarj)s app(‘ar to Ik* polx t'iu 
bryonically compound. Whether an actual separation of the respective ct*!! progi*- 
nies of the binucleate embryonic units occurs where sevc^ral are prc‘S<.*nt. mak(*s no 
essential difference, except in the appearance of the embrN^onic <‘omp!ex, dlicre 
may be a closed system in which the cleavage poi\'emI)ryon}’ does not ahva>'s -how 
its fundamental nature by separations of many small embryos, tor (‘xaniple, the 
embryo of Phyllocladus, which produces only one embin'o per fertilized egg, de 
velops in such a manner that the progeny of only one of tlie terminal binucleuP* 
cells is likely to contribute the nieristematic parts of the later embryo. 'The other 
binucleate cells contribute only to the secondary suspensor and caI\’}>troperiI)!eni. 
In a strict sense, therefore, a form of determinate cleavage pol}‘eml)r\’ony is pres-^ 
ent even in the organization of this embryo, where competition between the parts 
has been pushed back to a very early stage and is so coordinated that It !uwer 
comes to expression. Thus the embryogeny of Phyllocladus may be described as 
having simple polyembryony in spite of this polyeml)r}'onic organization, llm 
same would be true of Saxegothaea in its normal development, in which, however, 
Doyle and Looby (10, 17) found that some kind of c!ea,vage po]\a*ml)rvf}nv Ih*" 
comes recognizable in about 15 per cent of the eml)ryo systems. As alrt*ad\' 
pointed out, the embryogeny of P. urbanii shows cleavage p()]\’embr}'on}' for the 
two or three embryonic binucleate cells. It has also embr\’os formi*d on prosus- 
pensor cells as extensively as shown in figure 16 in about lo per cent of the enihr}'o 
systems, although the condition shown in figure 9 was found in the majorit}' of 
the systems dissected from the ovules examined. P, macro phyll ns maki is similar 
when two binucleate cells are present, and it agrees with n‘sj)e{l to st‘t‘ond,ar\' 
embryos that may be formed on the ends of isolated cells of their prosuspiaisors. 

In P, loiarra, wliich usually has a single binucleate eml)r\’onic cell thi*re is 
normally no cleavage polyembryony from the terminal embryonic portion of llu‘ 
system, and although the prosuspensor cells may break awa\' from the lip Uh 
they do in P. mbanii and P. macrophyllus maki, they do not seem to form einl>r\'(>s 
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at their tips. The P, totarra type has attained simple polyembryony as the usual 
condition, and only when two binucleate cells are present would it show cleavage 
polyembryony. 

The c|uestion as to whether cleavage polyembryony is primitive or advanced 
may possibly be open to qiiestioii. Doyle and Looby (io) have concluded, possi- 
bly rather hastily, that cleavage polyembryony arose from simple polyembryony 
in the families in which it occurs, and is therefore more advanced. It is both primi- 
tive and advanced in the sense that this condition is found throughout the Conif- 
erales, among memljcrs of the most primitive as well as the most advanced fam- 
ilies. It is found eve!i in the Gnetales. The writer has contended that it may have 
had a single origin near ihv beginning of the evolution of Coniferales, and that the 
change to simj)le polyembryony occurred in isolated genera or groups of genera, 
('lea,vage polycmibryony is so widespread in this order that — out of thirty-five 
gtmera in which conditions are known — only nine genera and parts of two others 
have simple polyciubrN'ony. The conditions in eight genera are not known. 

1B)VLF, and LoohvT view would necessarily be that cleavage polyembryony 
originated frfjm simph* [■)ol}'embryony independently in six of the seven families 
recognized by PiL(iKR (20); here in the Podocarpaceae it would have arisen at 
least twice. However, the relationships between these families would not be af- 
fected by either theor\’. So far as embryogeny is concerned, these relationships are 
indicated by the num}>er of free nuclei in the proembryo before walls appear 
(whether .^2, 16, 8, 4, or 21, by the organization of the early embryonic cells, and by 
the presence or absence of a prosuspensor or primary suspensor, etc. It must be 
[)orne in mind, therefore, that a difference of opinion concerning the status of 
deavagt* poh’embryony would not affect the relationships between the major 
groups of this onier, but rather the cfuestion as to the relationships of genera with- 
in the families or subfamilies. 

According io m>' view, simple polyembryony is attained in at least two direc- 
tions leading away from the t\'pes shown in the centrally placed embryos of the 
serit*s shown in figures 51 and 52. Passing toward the left (fig. 51), simple poly- 
em1>r>’ony is attained with a maximum number of binucleate cells arranged in four 
tiers; passing t<nvard the right (fig. 52), it is attained through reduction in the 
numl,)(‘r of Ijiiuicleate cells which become arranged in a single tier and fmally re- 
sults in a single binucleate cell. 

If one were to choose among the embryogenies represented in the series of early 
embryos shown in figures 51 and 52 a form nearest the prototype from which the 
Podocarpmxaie have had their origin, neither of the extremes would be selected. 
I'he protoU'pe was probably most nearly like one of the intermediate forms, such 
as P. Hsamharensis and P. gracilior. A prototype should have thirty-two free nu- 
dei in the proem!)ry<) before walls are formed and nine or more binucleate em- 
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bryonic cells arranged as in these species of Podocarpus, The arrangenuiii found 
in Saxegothaea, PhyllodaduSy and P. spicatus would result from the dt^vc^lopnienl of 
the extremely long and narrow archegonia found here, with a redudion of free 
nuclei to sixteen, while the types found in the direction of P. tolarra wenild result 
from a similar reduction in the number of free nuclear divisions, also aHVding ihv 
number of embryonic initials. The number of cells in the prosuspensor af)p(‘ars to 
have been reduced in both directions. The series of ernbrN'onic' lyp(.‘s shown in 
figures 51 and 52 may serve as a guide to the true relationships within tins famil}'. 

Taxonomists who may contemplate a monographic treatment of this famii\' 
should search for external criteria, correlated with the serii^s shown by embr\'og- 
eny, as a guide to an improved scheme of phylogeiiy. 

Summary and conclusions 

1. This investigation, is concerned chiefly with details of early stagt's in tlie 
embryogeny of Podocarpus dacrydioidcs and with a more (x>m})lei(.‘ seri(*s of stages 
of P, ■tirhami^ P. macro phyllm maki^ P. tolarnu and Phyllocladiis alpina. About a 
dozen additional species of Podocarpus were (k‘scrit)e(l from obserxxitions of one or 
a few critical stages each. Even though fragmental*}', these ob.stn*vati(His repn-sent 
critical stages closely comparable with known stages of the species studied man; 
intensively. 

2. The embryos of several species belonging to groups not otherwise available 
for study were obtained, with satisfactory results, from dried herbarium material. 
In some of these the successive stages could be recognized b}' ('omparison ,wit:h 
closely related species having the same general type of embr}’ogen\n 

3. A summary of comparable stages in the early embryos of the Ihjclocarpaceae 
was prepared by drawing upon previous investigations. 1'his summary emhra(*es 
information concerning the embryogeny of about twenty-two species of the Fodo- 
carpaceae belonging to four sections or subgenera of Podocarpus ami to thrive c)ther 
genera. It is highly probable that the extremes in the range of variation within 
this family are represented in this survey. 

4. The genus Podocarpus is exceptional among conifers in that it inrlmk^s se\'» 
eral more or less distinct types of embryogeny, whereas other genera usually follow 
a imiform program. 

5. Without exception, all species of the Podocarpaceac thus far examined haw. 
binucleate embryonic cells. The number of these ranges from one to about tweK'e. 
When there are 9-12 binucleate cells in the procmbr3'o, these be in a singk.^ 
tier, in two tiers, or in three or four tiers; when the number of binucleate cells is 
five or less they are usually in a single tier. Apparently the binucleate cells are so 
organized in the proembryo; they do not increase in number after the prosuspensor 
begins to elongate. 
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6. The pair of nuclei in an embryonic cell divide simultaneously or nearly so, 
giving rise to a condition with four telophasic nuclei (sometimes in tetrahedral 
position), after which walls appear between all nuclei. Thus the binucleate stage 
passes directly into a 4--celled condition, 

7. All apical cell stage may exist for a period of development in some species of 
Podocarpus, In Phyllocladus, however, this stage is very brief or may not appear at 
all; but after the iirst appearance of walls in the binucleate cells, an appearance of 
an apical cell is usually simulated. 

8. All the Podocarpaceae thus far examined have prosuspensors. Apparently no 
primary suspensors are formed, but the embryos that are sometimes cut off from 
the ends isolated ])rosuspensor cells may have the appearance of embryos borne 
on primary susjiensors. However, the latter do not pass through a binucleate stage. 

9. I'he number of cells in the prosuspensor varies from 3-4 in Saxegothaea (10) 
and 4 6 in Phyllodadus to about eighteen, twenty, or more in Podocarpus usamhar- 
ensis (5), P. grarilior, and the Nageia group. In the section Protopodocarpus the 
numbc'r of such evils varies from 12-14 in P. macro phyllus maki and P. urbanii to 
7 8 in P, iolarrn. 

10. 'The species having twenty or more cells in the prosuspensor, bearing 7-12 
binucleate embr\'o initials, essentially in a single tier, have indeterminate cleavage 
polyembr\'onv. The species with 7-11 cells in the prosuspensor, bearing 3-7 bb 
nucleate^ embr\'o initials in one or two tiers, and those with 12-15 cells in the 
prosuspensor and 2 3 l)iuucleate embryo initials, usually have determinate cleav- 
age polyembr^'on y. dlie species having about nine or less cells in the prosuspensor, 
bearing a single binucleate embryonic cell, or those bearing 7-12 binucleate cells in 
three or more* tiers, usiiall)’ have simple polyembryony. 

11. in thcf lat.m* stages of the embryo systems of species with massive prosuspen- 
sors, some* of tile cells wer(,‘ found to have formed embryonic tissue consisting of 
internal renvs of cells. Rfjsette cells were observed as isolated cells, sometimes giv- 
ing rise to small rosette^ emliryos. 

12. I'he liehavior of some isolated prosuspensor cells and of some rosette cells, 
when iht'se are found, suggests that not only the binucleate embryonic cells but all 
cxdls of the proturdiryo are potential embryo initials. In the elongating cells of the 
prosusptmsor the embryo-forming capacity is suppressed. 

13. Hie nuvnlHi* of free nuclei, before walls appear in the proembryo, is reflected 
in iho numlier of lelis in tlu^ |>roembryo when the prosuspensor begins to elongate. 
Although tlie firoemhryos have actually been observed in detail in only live species 
of lids family, the t\'pe of proemI)ryo (for most of them) may be recognized in its 
giuieral ju'ogram of develo|:)ment. From these facts and the proembryos which 
have adual!}- been observed ('8, 10, 22, 26), it appears that the number of free 
nuclei hefort* walls are formed is 16-32. 
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14. In the organization of cells formed in the early embryo of P , Msambarensis , 
P. gracilior, and theNageia group of Podocarpus^ these forms approac'h cioser than 
any other conifer to the type of cellular organization lound in eml)r}'os ol ihv 
Araiicariaceae. The podocarps differ, however, in having a smaller niimlKn* of c'ells, 
in the fact that the embryonic cells are binucleate, and in giving rise if) (*mbr\a> 
systems with cleavage polyembryony. 

15. The embryogenies of the Podocarpaceae, especially within the genus Podo- 
car|)#A4hokl great promise— when mc>re completely investigated- of providirig tln^ 
basis for improving the natural system of classification in a taxonomic tnrilnimi! 
of this group. 

Department of Botany 
University of Illinois 
Urbana, Illinois 
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SEASONAL CHANGES IN BOUND WATER CONTENT 
OF SOME PRAIRIE GRASSES 


WARREN C. WHITMAN' 

(\\'ITH,FOUR MGUmiS) 

Introduction 

In a study of certain grassland vegetation types in western North ‘Dakota, it 
seem.ed desirable to attempt to use the bound water content of some of tin.* prin^ 
cipal grass species of the various types as a measure of tlie a<laptatk)n of the specits 
to their respective habitats. In this semi-arid region the amount of moisture avail - 
able for use by the plants is in most cases the principal fa<1()r governiiig tlu‘ ov- 
currence of different vegetation types. Consequently the measurement of a prop- 
erty which might be an integrated expression of the rehition of the plant to its 
habitat, especially to the available soil moisture, could be expected to throw con- 
sklerable light on the essential relations between species within the vegetation 
types and between the types themselves. 

This investigation involved ’weekly determinations of the l)ound water c{)ntent 
of the leaf tissue of seven grass species in four different grassland types during the 
summer seasons of 1937 and 1938. By bound water is meant that water which re- 
mained unfrozen in the leaf tissue after a freezing period of 6 hours at ”-21.5® C. 
Various investigators have referred to this water as ^hmfrozen'’ (22) or as ‘hin- 
freezable'’’ (5, 27). 

Review of literature 

Spoehr (20) found that when certain species of Opimlia were subjected to coii- 
tinued periods of drought the pentosan content of the tissues showed decided in- 
crease. It was concluded that the plants were enabled to aljsoii) and retain large* 
quantities of water because of the presence of these hydro})hilic colloids of higli 
imbibition capacity. Maximov (8) states that in both frost and drought resistance* 
the basis of the resistance lies in the capacity of the protoplasm to witlistand the 
dehydrating influence of a direct or indirect deprivation of water. 

Newton and Martin (14) were apparently the first to investigate the rc‘hitions 
between drought tolerance, colloidal content, and bound water in plant tissues. 
They made an extensive study of bound water in relation to drought resistaru'e in 
crop plants and in native and tame grasses, using the cryoscopic technique of 
Newton and Gortner (13). They found that in southern Alberta the perct*ntagi* 

^ Mr. Roald Peti-irson and Mr. H. Tiieo Hahson assisted in. the field work of tiiis study. 
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bound water content of the expressed sap of some of the native grasses correlated 
directly with the known adaptation of these species to drought conditions. In 
their studies bound water determinations were made during two seasons, 1925 and 
1926. 

Lebedince (7) found that xerophytes growing in a semi-desert region had a 
higher water-retaining capacity than had mesophytes growing under the same 
conditions. After repeated wiltings there was a permanent increase in their water- 
retaining capacity. She concluded, however, that the main role in determining 
this capacity wa.s played by osmotic substances and not by colloids. In contradic- 
tio!i to tliis, Vassiltev and Vassiliev (25) found that in young wheat plants ex- 
posed to drought the henii celluloses increased and remained high even after a 
return to normal water supply. The hemicelluloses are of the pentosan group and 
have niarki'd capac'ity to swell. BARmovA (i) also found in the case of sugar beets 
tl'iat an im])ovc‘rishment of water in the tissues resulted in an increase in hydro- 
philic colloids in tlie h/aves and roots. 

XoviKov (15) found that the cpiantity of bound water in winter wheats, deter- 
minc‘d whiui the plants were undergoing drought, was a measure of the drought 
r(‘sistancx‘ of the \’ariety. When the plants were growing under optimum moisture 
conditions, however, they showed no essential differences in water-retaining ca- 
pac'ity. He condiidcal that the increase in this capacity during drought hardening 
resulted from an increase in water-retaining substances in the plants and not from 
Icjssi'S of free water from the plant tissue. 

Caia'EHT (31 studied drought resistance in three varieties of wheat. He deter- 
minc'd the total watc*r, percentage free water, percentage bound water, and total 
sdids in the sap expressed from the leaves. The determinations were made at fre- 
epamt intervals tliroughout the season, and soil moisture determinations were also 
made. He found tlial there was a slight decrease in the percentage of total water 
in the sup from ihv, beginning to the end of the season, but on the whole the total 
wat<‘r remained fairly c'onstant. The percentage of free water in the sap, however, 
dt‘creast'd throughout tlie season. This decline was compensated by a correspond- 
ing iiicn-ase in bound water, I’his increase was real, whether expressed on the basis 
of peiA’entage total water or per gram of dry material in the sap. He concluded 
that the external conditions which reduce the free water per gram of dry material 
act simultaneously on the plant in such a way as to increase the bound water per 
gram of dry matter. 

l!i a latt*r study on the sap expressed from the leaves of Phalaris iuberosa, 
C’alvkrt i‘2j found that* per gram of dry matter~the total water, the free water, 
ami the bound water were all significantly greater in the morning than in the after- 
noon. 'riu‘ <lecreast‘ in free water in the afternoon was considerably greater than 
the decrixise in bound waUu, and at that time there w^as actually more bound 
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water per gram of dry matter than there was free water. ITiese reversed relations 
apparently resulted from the water deficit created by the increase in transpiration 
during the day. This work indicates that the bound water content of a species 
may be directly influenced by the varying conditions of the environment. 

In a study of water relations in detached drying leaves of Bryophyllum nilyci- 
num, Welch (27) found that as the leaf dried the percentage of ‘fimfreez- 
able” or bound water increased, while the percentage of “freezable” or free 
water decreased. The increase in bound water did not seem to result from an 
increase in the water-retaining capacity of the leaf tissues, but rather increased 
merely as the result of loss of free water in the drying process. 

ScHOPMEYER (19) Studied transpiration and physic'o-chemical properties of 
leaves of loblolly and shortleaf pine in relation to drought resistance. Me found 
that the more drought-resistant shortleaf pine had only slightly more bound watiU' 
than loblolly pine when the soil moisture was at the wilting coefficient; and in the 
other cases when soil moisture was at an optimum value both before and after 
wilting it had less bound water, even though the total moisture content of this 
species was greater at all times than that of loblolly pine. He conduck‘<'l that the 
greater drought resistance of shortleaf pine could not be attributed to an ability to 
conserve water either by retarding transpiration or by forming bound water. 

Material and methods 

Bound water in the leaf tissue was determined by the calorimetric or heat-of- 
fusion method. The technique followed was essentially similar to that described 
by Greathouse (5). The method was originally used by Muller-Thurgau (12) 
and elaborated by Rubner (17), and later by Thoenes (24) . Thoenes (24), Rob- 
inson (16), St. John (23), Meyer (ii), Sayre (18), Stark (21), Chrysler (4). 
Greathouse (s), and Welch (27) all give excellent discussions of the use of the 
calorimetric method and the calculation of bound water from calorimetric data. 

A sample of leaf tissue weighing approximately 10 gm. was rapidly cut into 
short lengths and placed in a weighed tinfoil cup. A small lead weight was phuxul 
in the cup with the tissue, and the top of the container was folded over and pressed 
shut. The sample was then weighed and put into a large test tube, which was in 
turn placed in an acetone-solid carbon dioxide freezing bath, where it was frozen 
at *-21.5° ± 0.5*^ C. for 6 hours. Samples were run in duplicate. At the en<l of 
about 3 hours the samples were removed from the bath and the containers rapidly 
slit with a sharp knife. The samples were then returned to the tubes and to the 
freezing bath. This treatment assured the more rapid establishment of an equilib- 
rium temperature in the calorimeter. 

The amount of water frozen in the plant tissues during the freezing period was 
measured by introducing the sample into a calorimeter containing exactly 250 gm. 
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of water at slightly above room temperature. The water in the calorimeter was 
stirred rapidly until an equilibrium temperature was reached. The change in tem- 
perature of the water was measured by means of a mercury thermometer gradu- 
ated to 0.05° F. With the aid of a lens, the reading could be accurately estimated 
to 0.01° F. 

The calorimeter consisted of a pint Dewar flask held in a small wooden case. A 
space approximately 1: inch wide between the flask and the edges of the case was 
entirely filled with rock wool, thoroughly insulating the flask. A base of heavy 
wood supported the case, which fitted closely against the sides and back of the 
l.)ase and was thus held firmly in place. Two vertical steel rods, one on each side of 
the base, supported the carrying platform, to which motor, stirrer, thermometer, 
and st(>pper were attached. The platform was adjusted to move up and down on 
the steel rofls, and it could be locked in any position. This arrangement greatly 
facilitated the opening and closing of the calorimeter. 

A sjfiral glass stirrer driven by a small electric motor was used to stir the water 
in the cah)rimeter. I'he time required to obtain equilibrium with a lo-gm. sample 
was about 6 8 minutes. 

The water whic'h froze in the samples {free water) was calculated according to 
the formula given l>y (iREATHOUSE (5), with the exception that the use of a lead 
weight in the samples to insure their complete submergence necessitated the inclu- 
sion of an additional factor in the formula. The calorimeter factor, as determined 
from re|)eated trials with 10 gm. of water in the tinfoil cup instead of a tissue 
sample, was i..0'94. 

The lioiind water was determined by subtracting the weight of the water frozen 

from the. total water in the sample: 

= Ww - Wi 


I'he total water was setaired by subtracting the weight of the dried sample from 
tiie green wtnght. The dry weight and the specific heat of the tissue sample were 
ol>taine<l with the same .sample used in the determination of the free water. The 
sampU‘S wen‘ drii'd to (’onstant weight at SS^'C. Following the procedure of 
]vIkykr (III, CiiKYSLKR I4), ami others, the specific heat determinations were 
made on th(‘ dried tissue, using benzene in the calorimeter. 

The osmotic value of the plant sap was calculated from the depression of the 
freezing point. The heating method (loj was used to kill the tissue. The sap was 
expressed from the leaf tissue at a pressure of 15,000 pounds' per square inch, and 
the freezing point was <letermined with the Drucker-Bu.rian microthermometer'. 
The ust' of this apparatus was originally described by Walter (26). Mallery 
19) gives a complete discussion of the method and points out that it is espec'ally 
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adapted for use in arid regions, since only 1.5-2 ml. of plant sap is necessary in 
order to make a freezing point determination. 

Tissue samples for the bound water and osmotic values were colleeted in the 
early morning from the various vegetation t3^es. Each of the four areas was sam- 
pled once each week, two being sampled on one day and the other two on the fol- 
lowing day. The samples in each type were collected from the area encompassed 
by a circle with a radius of approximately 50 feet, the point of sampling being at 
the approximate center of the circle. These samples were also taken once each 
week. 

The tissue samples were placed in pint Mason jars equipped with screw or cianip 
tops and rubber sealing rings. The jars were then put in a heavy cardboard box. 
and taken back to the laboratory. Samples which could not be handled immedi- 
ately were placed in the refrigerator. None of the tissue samples was kept for 
more than 3 hours before preparation, and usually work was begun on them withiii 
15-20 minutes after they reached the laboratory. 

Vegetation types 

This work was conducted at the Pyramid Park Range Station, located ;r.7 miles 
southwest of Fryburg, North Dakota, in the broken range country of the Bad- 
lands. Four areas, none of which was more than 4 miles from the station, were 
selected as sample areas. These areas were typical representatives of four of the 
principal grassland types. 

1. Uplands type. — One of the areas was on a nearly level uplands terrace 4 
miles south of the range station (S.W. | sec. 16-138-101). The vegetation was 
typically that of the grama-needlegrass-sedge type (6). The principal species were 
blue grama grass, Bouteloua gracilis H. B. K. Lag.; needle-and- thread, Siipa 
comata Trin. & Rupr.; niggerwool, Carex filifolia Nutt.; and western wheatgrass, 
Agropyron smithii Rydb. The species selected for sampling in this area were 
grama grass, needle-and-thread, and western wheatgrass. 

The supply of soil moisture in the uplands type is dependent upon the precipita- 
tion received during the season. The subsoil is perpetually dry. In ordinary sea- 
sons there is usually no available moisture below 2 feet, and moisture in the tipper 
levels is usually deficient by the middle of July. This is the most xerophytic of the 
grassland types included in this study. 

2. Sagebrush type.— The second sampling area was in the flats along streams 
and in valleys; it is characterized by the dominance of the gray-colored shrub, 
Artemisia cana Pursh., growing in dense or open stands. This second area was in a 
typical development of the type found on a low terrace along Davis Creek, about 
I mile from the station (N.E. J sec. 11-138-101). The principal grass species are 
western wheatgrass, grama grass, needle-and-thread, and green needlegrass, Stipa 
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viridula Trin. The same three species were sampled here as in the uplands type— 
western wheatgrass, grama grass, and needle-and-thread. 

The fact that the same species are abundant in the sagebrush type as in the 
uplands type indicates that there is considerable similarity between the habitats. 
There are, however, two important differences. The sagebrush type, situated as it 
is on a terrace flat along a creek bed, has a supply of subsoil moisture, at least for a 
part of the season. For the most part this moisture is out of reach of the roots of 
the grasses, but it is tapped by the extensive root system of the sagebrush. In ad- 
dition, although Davis Creek is dry for most of the season, occasional torrential 
rains cause the creek to flood over its banks and inundate the terrace on which the 
sample area was situated . Thus some additional moisture may be received during 
the season. 

3. Sandgrass tyre.— The third area selected was on a low sandy ridge about 
I mile west of the uplands type (S.E. sec. i6--i38-"'ioi). The principal dominant 
in this type is sandgrass, Calamovilfa longifolia (Hook.) Scribn. Important sec- 
ondary species include the carices Carex filifolia Nutt., C. eleocharis Wahl., and C. 
pennsykanica Lam., as well as the grasses, grama grass, needle-and-thread, and 
Junegrass, Koeleria cristata (L.) Pers. The species sampled in this type were sand- 
grass and Junegrass. 

The soil of the sandgrass type is sandy, averaging about 7 5 per cent sand to a 
depth of 5 feet. Moisture storage in this type is rather deep because of the coarse 
nature of the soil material. During most of the season there is an appreciable 
amount of moisture in the third foot, frequently more than in the upper 2 feet, and 
prcsiimably the moisture supply is even greater below 3 feet. Unfortunately, rec- 
ords of soil moisture are available only to a depth of 2 feet for the seasons during 
which the determinations were made. 

4. BiG BLUESTKM TYPE.— This type is developed on the lower parts of steep 
slopes, such as occur in the narrow valleys and draws of the region. It represents 
the most mesophytic grassland in the region and is really an extension of the 
eastern tall grass prairie into semi-arid western North Dakota. Vegetation and 
soil show a high degree of development, which apparently is dependent on receiv- 
i!)g more moisture than that furnished by direct precipitation. The additional 
moisture is received from seepage, runoff, and melting snow drifts. The area se- 
lected for sampling was located about 3 miles northwest of the station, on the 
steep east-facing slope of a narrow valley (N.E. | sec. 3-138-101). Big bluestem, 
Andropogon furcatus Muhl; porcupine grass, Stipa spartea Trin.; and side-oats 
grama, Bouieloua ciirlipendnla (Michx.) Torr., are the principal species occurring 
in this type. Big bluestem and porcupine grass were the species considered in this 
study. 
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Experimental results 

I. Uplands type. — Tables i and 2 and figure i present the data for the 1937 
and 1938 seasons in the uplands type. The outstanding features of the behavior of 
the species in this type are the marked increases in bound water as percentage of 

TABLE 1 

Moisture in tissue, osmotic value, and bound and free water 

IN SPECIES IN UPLANDS TYPE; 1937 SEASON 


Date 


Soil 

1 MOISTURE* 1 
(%) 


6/28. 

7/3.. 

7/12. 

•7/19. 

7/26. 

8/2.. 


Moisture 

IN . 

TISSUE 

(%) 

Osmotic 

VALUE 

(ATMOS.) 

Bound 

B . 0 % 

TOTAL 

H.O 

Bound 

HaO 

grams/ I 00 
GM. DRY 

MATTER 

Free 

ILO% 

TOTAL 

H4O 

Fri-:e 

H3O 

grams/ X 00 

GM. DRV 

MATTER 

Agropyron smithii 

63.0 

62 . 1 
56.8 

52.1 
45-7 

16.91 

15.60 

17.76 

19-37 

22.97 

20.90 

27.86 

31-09 

35-54 

46.76 

35 • 5 (> 

4.3 • 70 

40.96 

38.64 

39.40 

79.10 

72.14 

68 . 91 

64 , 46 
53-24 

L 54 - 5 S 

^18.33 

90.79 

70 . o«S 

44 . 86 







Stipa comata 

55-8 

54-9 

50.5 

46.7 

34.3 

28.4 

15-44 

14.43 

15.48 

18.20 

31.00 

33 48 

31.24 

34.29 

36.16 

37-93 

62.18 

80.90 

39.46 

41.72 

36.84 

33.22 

32.45 

32.12 

68.76 

63.71 

63.84 

62 .07 
37.82 
19.10 

86.92 

79.91 

65.04 

54-37 

19.74 

7 -S 8 

Bouteloua gracilis 


64.4 

61.8 

59,6 

58.8 
43-5 

26.9 


13 

55 

29 

71 

S 3 

63 

70 

29 

126 

90 

13 

65 

29 

43 

47 

57 

70 

57 

1 14 

08 

13 

82 

34 

38 

SO 

72 

65 

62 

96 

81 

16 

05 

35 

27 

50 

26 

64 

73 

92. 

■23 

26 

44 

66 

26 

50 

93 

33 

74 

25 - 

■94 

19. 

56 

98 

34 

36 

21 

I 

66 

0. 

,61 


* Average wilting coefficient to depth of 3 feet, 12.5%. 

total water and the marked decreases in free water percentage, in grams of free 
water per loo gm. of dry matter, and in percentage of moisture in the tissue of the 
different species. Osmotic values show considerable increase. The values of grams 
of bound water per loo gm. of dry matter apparently show no general constant 
tendencies, although the 1938 results indicate a seasonal increase in this value for 
two of the species. 
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As shown in figure i, the decrease in soil moisture during the course of the season 
was approximately paralleled by a decrease in the percentage of moisture in the 
tissue. These decreases in total water in the tissue are accompanied by decreases 
in the percentage free water and in the grams of free water per 100 gm. of dry 

TABLE 2 


MOISTURE IN TISSUE, OSMOTIC VALUE, AND BOUND AND FREE WATER 
IN SPECIES IN UPLANDS TYPE; 1938 SEASON 


Date 

Soil 

MOISTURE* 

(%) 

Mor.STIJRE 

IN 

TISSUE 

(%) 

Osmotic 

VALUE 

(ATMOS.) 

Bound 
H,0 % 

TOTAL 

H.O 

Bound 

H2O 

grams/ 100 

GM. DRY 

MATTER 

Free 

mo % 

TOTAL 

H.O 

Free 

H ,0 

grams/ 1 00 

GM. DRY 

MATTER 



Agropyron smithii 

6/28 

11,8 

62.5 

13.40 

21.41 

35*70 

78.59 

131.06 

y / •> 

15.7 

59-8 

12.74 

26.12 

38.89 

73.88 

109.81 

7/8 

1:3*6 

57*3 

13.56 

24.48 

32.91 

75*52 

101.47 

7/17 

9*7 

51*2 

16.28 

32.5s 

35.59 

67.47 

73.80 

7/25 

8.5 

53*2 

17*57 

33*17 

37.70 

66.83 

75-89 

8/2 

7.0 

■ 40.7 

22.41 

48.34 

33-23 

51.66 

35*50 

8/6 

6.7 

41 .8 

20.52 

41.89 

30.11 

S8.11 

41.70 



Stipa comata 

6/26 

II . 8 

58-4 

12.64 

16.23 

22.74 

83-77 

117.50 

7/2 

^ 5*7 

55 • I 

11.69 

21.89 

26.94 

78.11 

95-99 

7/8 

13.6 

52.2 

12.65 

28.29 

30.94 

71.71 

78.57 

7/17 

9.7 

42 .8 

16.86 

37-77 

28.33 

62 . 23 

46.68 

7/25 1 

8*5 1 

42.7 

22 . 10 

47.21 

35 *18 

52.79 

39.32 

8/2 : 

7.0 : 

30*9 

29.05 

66.34 

29.50 

33*66 

10.34 

8 / 6 . .... 1 

6.7 j 

! 

35*9 

31 .08 

50.19 

28.15 

49 * 81 

27*93 



Bouteloua gracilis 

6/26 

1 

11.8 

65 . 2 

8.34 

15.51 

29.10 

84.49 

158.50 

7/2. 

15.7 ' 

63.8 

8. 14 

19.05 

33 *60 

80.9s 

142.74 

7 / 8 ......'.... 

13 *6 

60.9 

8.29 

25.71 

40.03 

74.29 

115.64 

7/17 

9.7 

50.4 

13*07 

39.57 

40.09 

60.43 

61 .82 

7 25 

8.5 

49*3 

19.32 

47.39 

45-93 

52.61 

51.21 

8/2 

7.0 

36.0 

24.11 

74.03 

41.37 

25-97 

15-07 

S '6 

! 6.7 

1 , . 

32.8 

27 . 16 

92.92 

45.41 

7.08 

3.14 


* Average wilting coefficient to depth of 3 feet, 12.3%. 


matter. The grams of bound water per loo gm. of dry matter do not show any 
drastic increases or decreases. At the same time values for percentage of bound 
water increase' remarkably. 


The outstanding behavior among the individual species is shown bv grama 
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grass. In 1937 the bound water as percentage of total water reached the value of 
98.3 by August 2. At this time there was approximately 37 gm. of water per loc 

UPLANDS TYPE 
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Fig. I.— Changes in bound and free water, osmotic value, and total moisture in leaf tissue of western 
wheatgrass, blue grama grass, and needie-and-thread in uplands type during summer seasons of 1937 and 
1938. Soil moisture also given. 

gm. of dry matter in the leaf tissue. In 1938 this same species contained 92.9 per 
cent bound water on August 6, and the total water content was 48.5 gm. per 100 
gm. of dry matter. None of the other species in any of the types equaled these 
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values. In both seasons the bound water per loo gm. of dry matter was higher in 
this than in any of the other species in this type. This is shown in figure i and in 
table 3, where the seasonal averages for all species and types are given. 

Needle-and-thread was second highest in both seasons in bound water as per- 
centage of total water, while western wheatgrass was the lowest of the three 
species in this value. In contrast to this, needle-and-thread was lower in grams of 
bound water per loo gm. of dry matter at nearly all dates of sampling in both 
seasons than was western wheatgrass. Needle-and-thread was also lower in grams 
of free water per loo gm. of dry matter throughout most of the season. On the 
basis of the averages for the grams of free water (table 3), western wheatgrass 
ranked highest and grama grass second. These two species were also higher in 
total water content than was needle-and-thread. 

Osmotic values were fairly uniform in all three species during the seasons. 
Needle-and-thread, with the lowest total water content and the lowest seasonal 
values for grams of free water per 100 gm. of dry matter, reached the highest 
osmotic values at the end of the season. This would indicate that the osmotic 
effects were not the controlling factor in determining bound water content, since 
western wheatgrass and grama grass, both with lower average osmotic values than, 
needle-and-thread, were higher in bound water expressed either as percentage or 
on the dry-weight basis. 

In the uplands type during the two seasons the effects of decreasing soil mois- 
ture became evident almost from the beginning of the samplmg period. By shortly 
after mid-July the moisture situation became acute, and in both years the species 
became too dry to sample by the end of the first week in August. Bound water and 
osmotic values showed their greatest increases after the soil moisture dropped 
below an approximate 10 per cent level. 

2. Sagebrush type. — ^The data presented in tables 4 and 5 and in figure 2 indi- 
cate that there is considerable similarity in behavior of the species sampled in the 
sagebrush and in the uplands type. The more uniform results obtained for the 
species in the sagebrush type in 1938 show a greater similarity to the results ob- 
tained for the same species in the uplands type than do the 1937 ^^esults. In gen- 
eral, the same marked increases in bound water as percentage of total water and 
the marked decreases in percentage free water, grams of free water per 100 gm. of 
dry matter, and percentage of moisture in the tissue were shown by these species. 
With the exception of the behavior of grama grass in 1937, the values of grams of 
bound water per 100 gm. of dry matter were fairly uniform in the species during 
both seasons. 

Grama grass again had the highest values for bound water as percentage of total 
water, and in 1938 a maximum of 92.1 per cent for this value was observed on 
August 2. In table 3 it is shown that the averages for percentage bound water were 
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higher in this species during both seasons than in any of the other t3/pes. As in the 
uplands type, needle-and~ thread was second highest in percentage bound water, 
while western wheatgrass again had lower average values for this factor than 
either of the other species. 

Grams of bound water per 100 gm, of dry matter was higher in grama grass than 
in the other species, but in the 1937 season needle-and-thread averaged below 
western wheatgrass in regard to this value, although averaging higher in the 1938 
season. In the uplands type, values for grams of bound water averaged higher 
during both seasons in needle-and-thread than they did in western wheat- 
grass. 

I igure 2 and tables 4 and 5 show that in the sagebrush type, grama grass was 
lower ill percentage of free water and in grams of free water per 100 gm. of dry 
matter throughout most of the sampling period than were needle-and-thread and 
western wheatgiass. Needle-and-thread was intermediate between grama grass 
and western wheatgrass in free water per 100 gm. of dry matter for most of the 
season. Ihe free water in all species in both uplands and sagebrush types de- 
creased at a rather rapid rate from the beginning of the sampling period to its end. 

J he osmotic values of all species in the type showed a general increasing trend 
during the season. 1 he average osmotic values in the species in the sagebrush type 
were higher than the average values of the species in the uplands type. The total 
moisture in the tissue decreased in all species in both types, the rate and extent of 
decrease lieing similar during comparable seasons. 

Average soil moisture to a depth of 2 feet in the sagebrush type was not once 
above the calculated wilting coefficient of 9.2 per cent during the sampling period 
in 1937. In the 1938 season the average soil moisture was above the calculated 
wilting coeliicient until about the middle of July, and in this season the marked 
decreast^s m percxmtage of moisture in the tissue and in percentage of free water 
begin at about this time. 

3. Saxdgrass typk.- lire species sampled in this type showed a behavior dif- 
ferent from those sampled in the uplands and sagebrush types. The marked in- 
creases in percentage bound water with the progress of the season were not ob- 
served in Junegrass or in sandgrass. Junegrass showed relatively greater changes 
in percentage l)ound water, osmotic value, total moisture, and in percentage and 
grams of free water than did sandgrass. Yet in general the range of the values was 
considera!)ly smaller than the range of these same values in the species in the 
sagebrush and upland types (tables 6, 7; fig. 3). They appear to be primarily 
related to moisture conditions and to the type of root systems of the species sam- 
pled in the sandgrass type. The sandy soil of the sandgrass area permits relatively 
deep moisture storage, and the wilting coefficient is lower, being only 7.1 per cent. 
The moisture in the upper 2 feet of the soil was below this value from the middle 
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of July to the end of the sampling period during 1937 and in 1938 was not above 
the wilting coefficient after the end of July. 

SAGEBRUSH TYPE 


1937 


1938 


Bound Water- grams 
per 100 grams of ^ 
dry matter ‘ 


Bound Water as 
percent of total 
Wa/er 


Free Water as . 
percent of total 
water 


Free Water per 
100 grams of 
dry matter 


$0 

Osmotic Value - 
Atmospheres 

0 
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Fig. 2 . — Changes in bound and free water, osmotic value, and total moisture in leaf tissues of w^estem 
wheatgrass, blue grama grass, and needle-and-thread in sagebrush type during summer seasons of 193 7 
and 1938. Soil moisture also included. 

Junegrass, which has a relatively shallow root system, was apparently unable 
to utilize the deeper moisture, and when moisture in the upper soil levels was 
largely depleted this species became too dry to sample. The values for percentage 
bound water, free water, osmotic concentration, and total moisture in the tissue 
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seem to reflect to considerable extent the soil moisture situation. In the case- of 
sandgrass there was only a slight decrease in the total moisture in the tissue during 
the sampling period. Increases in the percentage of bound water were small or 
nonexistent in this species. Values for grams of bound water per 100 gm. of dry 

TABLE 4 

MOISTURE IN TISSUE, OSMOTIC VALUE, AND BOUND AND FREE WATER 
IN SPECIES IN SAGEBRUSH TYPE; 1937 SEASON 


Date 

Soil 

MOISTURE* 

(%) 

Moisture 

IN 

TISSUE 

(%) 

Osmotic 

VALUE 

(ATMOS.) 

Bound 

mo % 

total 

HaO 

Bound 

HaO 

grams/ 1 00 

GM. DRY 

MATTER 

Free 
H *0 % 

TOTAL 

H.O 

Free 

mo 

grams/ 1 00 
GM. DRY 

MATTER 



AgrORVRON SMITHII 

6/29 


63.6 

17.60 

22.34 

39.58 

77.66 

137.58 

7/4 

4.0 

60.1 

31.20 

40.92 

43.90 

59.08 

106.45 

7/13 

5-3 

58.4 

20.15 

22.88 

32.14 

77.12 

108.34 

7/20 

5 . 1 

S 6.6 

23.74 

32.56 

42.40 

67.44 

87.83 

7/27 

4.1 

50-7 

32.71 

36.44 

37.42 

63.56 

65.27 

8/3 

3-6 

S 5-4 

26.38 

18.15 

22.56 

81.85 

loi . 71 



Stipa comata 

6/29 


57-4 

20.44 

27.89 

37.56 

72 . II 

97.13 

7/4 

4.0 

58.9 

20.10 

36.03 

51.68 

63 -97 

91.76 

7/13 

S -3 

55-1 

16.18 

32.29 

39.66 

67.71 

83.17 

7/20 

5-1 

48.9 

23.52 

35.76 

34.28 

64.24 

61.57 

7/27 

4.1 

40.4 

38.37 

47.36 

32.08 

52.64 

35.65 

8/3 

3-6 

43-0 

31.71 

47.75 

35.98 

52.25 

39.37 



Bouteloua gracilis 

6/29 


60 . 5 

22.34 

36.14 

55.36 

63.86 

97.83 

7/4 

4.0 

64.9 

20.21 

46.77 

86.51 

53.23 

98.4s 

7/13 

5-3 

SI. 8 

21.74 

17.93 

19.26 

82.07 

88.14 

7/20 

5.1 

48.8 

25.93 

56.32 

53.72 

43.68 

46.28 

7/27 

4.1 

40.6 

36.63 

55.02 

37.68 

44.98 

30.80 

8/3 

3-6 

51. I 

20.10 

45.16 

47.17 

54 • 84 

57.28 


* Average wilting coefficient to depth of 3 feet, g.2%. 

matter in sandgrass fluctuated somewhat but seemed to show no constant sig- 
nificant tendencies (fig. 2). The grams of free water per 100 gm. of dry matter in 
this species showed a consistent decreasing trend with advance of the season. 

Table 3 shows that the average value for percentage bound water of the two 
species in the sandgrass type was lower than the averages for percentage bound 
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water of the species in the uplands and sagebrush types. The grams of bound 
water per loo gm. of dry matter for the two sandgrass species averaged higher, 

TABLE 5 

Moisture in tissue, osmotic value, and bound and free water 
IN species in sagebrush type; 1938 SEASON 


Soil 

MOISTURE* 

(%) 


Bound 

H.O 

grams/ I 00 

GM. DRY 
MATTER 


Free 

H.O 

GRAMS,/ 1 00 
GM. DRY 

m.att1'';r 


Agropyron .smiteii 


64 

0 

II 

36 

18 

31 

32 

•6s 

81 . 6 q 

145.69 

64 

0 

12 

41 

18 

32 

32 

85 

81.68 

158.43 

61 

S 

13 

55 

21 

23 

33 

96 

78-75 

^25. 99 

58 

6 

17 

02 

26 

17 

37 

12 

73- 8,3 

104.70 

48 

6 

23 

57 

37 

73 

35 

76 

62 . 27 

59-04 

43 

4 

27 

63 

40 

98 

31 

50 

59 . 02 

45-31 

44 

0 

31 

47 

45 

37 

35 

69 

54-63 

43-14 





Stipa 

:o.mata 



61 

4 

13 

35 

26 

64 

42 

56 

73-36 

116.12 

SS 

7 

9 

51 

19 

91 

25 

06 

80.09 

100 . 7 r 

55 

2 

12 

84 

22 

24 

27 

54 

77.76 

96.18 

54 

7 

14 

76 

26 

06 

31 

42 

73-94 

89.41 

51 

8 

18 

32 

32 

S3 

34 

90 

67.47 

72.38 

40 

4 

26 

69 

31 

47 

21 

86 

68.53 

46.18 

45 

I 

34 

01 

46 

12 

38 

00 

53-88 

39-10 

33 

3 

47 

73 

63 

50 

31 

82 

36.50 

18.27 

34 

6 

48 

57 

55 

14 

29 

30 

44.86 

23 . 84 

38 

3 

33 

80 

49 

81 

30 

93 

50.19 

31.18 

34 

8 

44 

39 

66 

23 

35 

43 

33-77 

18.07 



Boutelou 

\ GRACILIS 




6/27 

II .8 

61. 5 

10.60 

26.13 

41.74 

73-87 

117.91 

7/2 

19.3 

57-9 

8.13 

26.45 

36.47 

73-55 

101.45 

7/8 

H It M 

12.9 

SS -9 

9.01 

30.75 

39.06 

69.25 

87.95 

7/17 

9-9 

53.7 

12.27 

37-14 

43.00 

62.86 

73 . 19 

7/24 

Q /rt 

3,0 

44.2 

21.59 

53-88 

43.61 

46.12 

36 . 33 

8/2 

Q It, 

5-9 

32.1 

23.03 

92.06 

43.49 

7-94 

3-75 

^11 

4.9 

34-7 

34-35 

86.6s 

46.09 

13.35 

7.10 




* Average wilting coefficient to depth of 3 feet, 9.2%. 

however, than this same value for the species mentioned in the previous discus- 
sion. The average values for grams of free water per loo gm. of dry matter also 
were considerably higher in Junegrass and sandgrass than they were in western 
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wheatgrass, grama grass, and needle-and-thread in the uplands and sagebrush 
types. Thus there would seem to be a relation between high values for free water, 
high values for grams of bound water, and high values for total moisture content 

SANDGRASS TYPE 


Bound Wafer- 
grams per 100 ' 

grams dry matter 


60 - 

Bound Water as . 

percent of Mai ~ 

water ; 


Free Wafer as 
percent of total 
water 





free Water per 
lOO grams of 
dry matter 


OSTOtic Value - 


60 ** 

Moislure in tissue ! 
as percent ^0 
20 


Sod WOiSfure 05 
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CaMmvdfa Imgi folia Koelerio cristata 

I 'lu. ( !kud4u."- in luminl iintl true water, osmotic value, and total moisture in leaf tissues of sand- 
jira>saiul Junt's^riO'- in >aniii;rab< type during summer seasons of 1937 and 1938. Soil moisture also 
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of tlu* lissiu,*. 1 hi tile oilier hand, high values for percentage bound water seem to 
be nbittni to relativt.'ly low values for free water and total moisture content of the 

tissue. 
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4. Big bluestem type. — -The behavior of the species in this type, as illustrated 
in figure 4, is typically that to be expected when no stress is placed upon the plants 
by scarcity of available soil moisture. Although the calculated wilting coefiicient 

BIG BLUESTEM TYPE 



Free Wafer as 
percent of total 
water 




Moisture in tissue 
as percent 


Soil Moisture as 
percent 



T r 
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— . 

i 







1 1 







1 r 


Andropogon furcatus - 


17 

Juiy 


Stipa spartea ■ 


7 13 20 

August 


Sept. 



Fig, 4.— Changes in bound and free water, osmotic value, and total moisture in leaf tissues of big 
bluestem and porcupine grass in big bluestem type during summer seasons of 1937 and 1938. Soil mois- 
ture also included. 

for the soil in this area is 10 per cent, the soil moisture remained above this point 
until the first part of August in 1937, and in 1938 it did not fall below the level of 
the wilting coefficient during the entire sampling period. 
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The data do not indicate any appreciable increase or decrease in percentage 
bound water and percentage free water. The osmotic values during the sampling 
period in 1937 remained on practically the same level, while in 1938 they showed 
only slight increases. The moisture percentage in the tissue of both species showed 
small but consistent decreases, and the decrease in grams of free water per 100 gm. 
of dry matter is large enough in both species to possess considerable significance. 
Grams of bound water per 100 gm. of dry matter show a fairly narrow range, with 
the exception of the values obtained for big bluestem in the early part of the 1937 
season. 

The entire behavior pattern of these species, as contrasted with the patterns 
obtained in the uplands and sagebrush types (figs. 1,2), indicates a slow loss of 
moisture from the plant tissue with increasing maturity, rather than a relatively 
abrupt loss of moisture occasioned by the moisture level in the soil being reduced 
below the wilting coefficient. There is considerable similarity between the be- 
havior of the species in the big bluestem type and in the sandgrass type. Sand- 
grass especially seemed to behave much as did big bluestem and porcupine grass. 

Porcupine grass was considerably lower throughout the season in percentage 
moisture in the tissue and in grams of free water per 100 gm. of dry matter than 
was big bluestem (fig. 4). On the other hand, it was higher in osmotic value and 
averaged higher in percentage bound water for both seasons than did big bluestem 
(table 3). Big bluestem, with a much higher total moisture level and much greater 
values for grams of free water per 100 gm. of dry matter, showed higher values for 
grams of bound water per 100 gm,. of dry matter than did porcupine grass. Not 
only this, but the average values of grams of bound water per 100 gm. of dry 
matter in big bluestem were higher than for any other species in any of the types, 
indicating again that the absolute amounts of bound water are closely related to 
the total moisture content of the tissue. 

The average values for the various factors for both species in this type (table 3) 
show some significant differences when contrasted with the average values for the 
species in the other types. The average osmotic value for both species in the big 
bluestem. type was considerably lower than the averages in any of the other types. 
The average for bound water percentage was also lower. On the other hand, the 
average bound w^ater content of the two species expressed in terms of grams per 
loo gm . of dry matter was approximately on the same level in the 1937 season as 
it was for the species in the other types. In the 1938 season the average of grams of 
bound water for the species in the big bluestem type was appreciably higher than 
the averages of this value for the species in the other types. As previously men- 
tioned, the reason for this lies in the unusually high values for this factor shown by 
big bluestem. Another outstanding difference between the types is shown by the 
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much higher values for grams of free water recorded for the species in the big blue- 
stem type. This again is the result of the remarkably higher average values of 
grams of free water in big bluestem. 


Discussion 

The results of this study seem to indicate that the bound water expressed as 
percentage of total water in the tissue, the percentage of total water in the tissue, 
the percentage of free water, and the grams of free water per lOO gm. of dry matter 
give the best expression of the responses of the plant species to the conditions of 
their habitats. 

In the uplands type, where soil moisture is reduced below the wilting coefficient 
relatively early and the plants are placed under extreme stress for water, the 
species showed marked increases in bound water as percentage of total water and 
marked decreases in percentage of free water and in grams of free water per loo gm. 
of dry matter. 

In the sagebrush type, where conditions are similar to those in the uplands type, 
the species also showed marked increases in bound water as percentage of total 
water and marked decreases in percentage free water, and in grams of free water 
per loo gm. of dry matter, as the season progressed. Both types represent rela- 
tively xerophytic habitats. 

In the sandgrass t3rpe, which is not so xerophytic as the uplands and sagebrush 
types, only slight increases in percentage bound water occurred in the leaf tissue of 
the species during the course of the sampling period. Sandgrass showed less change 
than did Junegrass in percentage bound water and in percentage free water. Fair- 
ly large decreases in grams of free water per loo gm. of dry matter were observed 
in both species, with larger decreases shown by Junegrass than by sandgrass. 

In the big bluestem type, which is more mesophytic than any of the other three 
types, and where soil moisture was adequate throughout the period of sampling, 
increases in percentage bound water were relatively small, as were decreases in 
percentage free water and in grams of free water per loo gm. of dry matter in the 
leaf tissue of the species. 

The bound water expressed as grams per loo gm. of dry matter did not seem to 
give an easily interpretable expression of the response of the species to the condi- 
tions of the habitat. Rather, this value seemed to be a characteristic of the indi- 
ual species, which may or may not have been related to its ability to endure 
xerophytic conditions. In practically all species in all the types, the absolute 
amount of bound water (that is, bound water expressed on a dry- weight basis) 
tended to remain on somewhat the same level throughout the sampling period. 
.This was illustrated especially in the species in the uplands and sagebrush types. 
Despite the large increases in percentage bound water, the values of grams of 
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bound water per 100 gm,. of dry matter in the species in these two types in most 
cases showed only relatively small increases or decreases during the sampling pe- 
riod. In the sandgrass and big bluestem types the same general behavior was ex- 
hibited by the species, except that it was not so striking because the range of 
change in the other factors was so much smaller. 

With the absolute amounts of bound water in the leaf tissue of the different 
species remaining on somewhat the same level, it is obvious that any losses in free 
water will be reflected as increases in percentage bound water. Thus the increase 
in percentage bound water in the species as the season progresses is primarily an 
accompaniment to the drying of the tissue. The actual amount of water held in 
the bound state in the plant tissue may even be decreasing under these conditions. 

In habitats where soil moisture is inadequate, therefore, the tissues of the plants 
will be subjected to greater drying influences and the species will have a lower total 
water content, less free water per gram of dry matter, and consequently, higher 
percentages of bound water. At the beginning of the sampling periods, when soil 
moisture was adequate in all types and the percentage of moisture in the tissue 
was at a relatively high level in all species, values of percentage bound water were 
relatively low and approximately on the same general level for all species in all 
four types. 

With the progressive seasonal reduction in soil moisture in the types, the leaf 
tissues of the plants began to lose moisture. These losses in total water in the tis- 
sue and in free water are reflected as increases in the bound water as percentage of 
the total water. The percentage of bound water in a given species is then a refl.ec- 
tion of the extent to which drying of the tissue has taken place. Since this in turn 
is related to soil moisture, there seems to be a somewhat close relationship between 
soil moisture and percentage bound water. Consequently, the bound water per- 
centage is primarily a reflection of the relative degree of dryness of the habitat, and 
not a measure of the adaptation of that species to a dry habitat. 

This does not obviate the fact that the absolute bound water content of a 
species may be related to its ability to withstand drought conditions. It does indi- 
cate that this relationship is complex and the nature of it may not be revealed by 
gross measurements of the bound water content of the leaf tissues of a species 
growing in a given habitat. 

Summary 

I. A study of the bound and free water content of several prairie grasses in four 
representative grassland types in western North Dakota was made during the 
summer seasons of 1937 and 1938. The principal grass species in each of the four 
types were sampled once each week during the season for determinations of total 
water content, osmotic value of expressed sap, and relative proportions of bound 
and free water. 
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2. The bound water percentage, percentage free water, and grams of free water 
per 100 gm. of dry matter seem to give the best expression of the responses of the 
species to the conditions of their habitats. 

3. Increases in bound water as percentage of total water resulted from losses in 
free water caused by progressive drying of the plant tissues and not from increases 
in the water-retaining capacity of the leaves. The bound water percentage is thus 
a reflection of the relative degree of dryness of the habitat and not a measure of 
the inherent adaptation of that species to a dry habitat. 

4. The absolute amount of bound water present in the plant tissues, expressed 
as grams of bound water per 100 gm. of dry matter, did not seem to give an easily 
interpretable expression of the responses of the species to habitat conditions. This 
value seemed to be characteristic of the individual species and in each remained on 
somewhat the same level during the sampling period. There were specific differ- 
ences in absolute amounts of bound water between species, but these differences 
apparently were not a direct measure of the ability of the species to tolerate 
xerophytic conditions. 
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for use in this study. The work was made possible by grants from the Wisconsin 
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CHEMICALLY INDUCED PARTHENOCARPY IN CERTAIN 
HORTICULTURAL PLANTS, WITH SPECIAL REFERENCE 
TO THE WATERMELON^ 

C. Y. WONG 
(with eight eigures) 

Introduction 

Natural parthenocarpy is of common occurrence in banana, citrus, vinifera 
grape, Chinese persimmon, and English forcing cucumber. Induced or stimulative 
parthenocarpy in many species and varieties has been observed to occur as a result 
of certain internal and external influences. Since parthenocarpic fruits are con- 
sidered desirable, efforts have been made: (a) to obtain seedless fruits by breeding 
or selection, (b) to induce parthenocarpic in place of non-parthenocarpic fruits, 
and (c) to increase the percentage of parthenocarpic fruits where some occur 
normally. 

The object of this study was to determine the possibility of inducing partheno- 
carpy by the use of synthetic growth substances in some horticultural crops, es- 
pecially the watermelon. More specifically it aimed to determine: (i) the response 
of certain horticultural plants to parthenocarpic and apomictic phenomena, (2) the 
kinds and concentrations of growth substances that give best results, (3) the fruit 
and seed development in parthenocarpic as compared with normal seed-bearing 
fruit, and (4) the possibility for practical application of the results obtained. 

Review of literature 

As early as 1902, Massaht (ii) placed dead pollen upon the stigma of an orchid 
and observed a slight growth of the ovary. Hartley (10) obtained parthenocarpic 
fruit of tobacco by the use of Azalea pollen. Fitting (2, 3), using dead and living 
pollen and pollen extracts, was able to cause some slight growth in the ovary of 
several species of orchids. Winge (15) found that large fruits with sterile seeds 
could be produced in hops pollinated with hemp or Uf&a pollen. 

In attempts to produce parthenocarpy by cross pollination and other means, 
only some of which were successful, Yasuda (16, 17, 18, 20) obtained partheiio- 
carpic eggplant, tomato, and pepper fruits by pollination with pollen other than 
their own. He also obtained satisfactory results by injecting aqueous extracts of 
pollen into the ovary. In cucumber and a solanaceous plant, however, partheno- 

^ Journal Article no. 476 (N.S.) from the Michigan Agricultural Experiment Station. 
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carpic development did not take place in flowers that opened early in the season, 
although it did appear at a later date. 

In cases where parthenocarpic fruit developed, the pollen tubes grew into the 
style but did not reach the ovary. In later studies (19) the flowers of eggplant and 
cucumber were emasculated and pollinated with their own well-developed pollen 
grains. The pollinated stigmas and styles were then cut off at different periods 
following pollination. When the operation was delayed (24 hours in eggplant and 
9 hours in cucumber), fertilization occurred and the ovaries developed into normal 
seeded fruits. If the operation was so timed that the majority of the pollen tubes 
reached the base of the style, some seedless fruits resulted. It was concluded that 
the pollen grains or pollen tubes produced some chemical substances which caused 
parthenocarpic development of the ovaries. Parthenocarpy, phenospermy (steno- 
spermy), and parthenogenesis were believed to be caused by the action of the same 
stimulating substance. It was further concluded that parthenogenesis would take 
place when the pollen-tube substance reached the ovules and stimulated them 
without fertilisation. On the other hand, when the substance arrived at the base 
of the style or at the ovaries and stimulated the ovarian tissue alone, parthenocar- 
py would occur. Phenospermy may take place in an intermediate situation. By 
use of pollen extracts, Gustafson (7) produced parthenocarpy in eggplant, pep- 
per, cucumber, and certain ornamental plants. 

Parthenocarpy induced by growth substances was first accomplished by Gus- 
tafson (6) in 1936 by treating the pistils with known hormones in lanolin paste. 
He obtained normal-sized parthenocarpic fruits in tomato, Petunia^ and Salpiglos- 
sis when the pistils were treated with indole-3n-a-propionic acid. Similar treat- 
ment initiated growth in snapdragon ovaries but did not produce mature fruits. 
Phenylacetic acid caused seedless tomato fruits to develop and slight growth in 
snapdragons, but none in tobacco. Indoleacetic acid resulted in seedless fruits in 
the tomato, Salpighssis, Petunia^ Begonia, pepper, and eggplant. The same sub- 
stance initiated ovarian growth in the snapdragon, Zepkyranthes carinata, Agapan- 
tkus umbellatus, Crookneck Summer squash, and Hubbard squash, but not in 
cucumber and watermelon. Indolebutyric acid induced seedless fruits in tomato, 
Salpiglossis, Petunia, Crookneck Summer squash, Begonia, pepper, and eggplant 
but produced only slight growth in the ovaries of Hubbard squash, cucumber, andi 
watermelon. 

As a result of his own work and that of other investigators, Gustafson (8) sug-j 
gested that some fruits develop without fertilization because they have a higher 
auxin content in the ovary at the time of blossoming. He believed this content 
high enough to initiate growth processes, with the result that the ovaries com- 
mence to develop, even though there has been no fertilization. He found that the 
auxin content of ovules and developing seeds is much greater than that of other 
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parts of the fruit; moreover, the auxin content, in pepper at least, was much lower 
in the winter and spring than in the summer. 

Hagemann (9) obtained parthenocarpic gladiolus by means of indoleacetic 
acid, but negative results from phenylacetic acid. Gardner and Marth (4) in- 
duced parthenocarpy in holly by spraying the open blossoms with naphthalene- 
acetic, indolebutyric, indoleacetic, and indolepropionic acids. The effectiveness of 
the substances followed the descending order as listed. They also found that better 
results were obtained by repeated applications. Moreover, parthenocarpic fruits 
were produced by watering the soil during full bloom with indoleacetic acid. They 
also obtained some parthenocarpic fruit by introducing small quantities of indole- 
acetic acid in powder form into holes in the stem made with a small nail. In a 
pistillate strawberry, parthenocarpic fruits of normal size but with empty achenes 
were induced by these workers, using the substances just mentioned in spray form. 
Negative results were obtained in the Starking apple from indoleacetic-acid spray 
and in the Brighton grape from naphthaleneacetic-acid treatment. In a further 
study, Gardner and Marth (5) found that naphthalene acetamide gave better 
results than naphthaleneacetic acid in inducing parthenocarpy in holly. Potas- 
sium-naphthalene acetate gave results far inferior to those obtained from phenyl- 
acetic acid and sodium-naphthol sulphonate. In studying the effect of certain 
growth substances on inflorescences of dates, Nixon and Gardner (12) showed 
that I per cent naphthaleneacetic acid in lanolin paste applied to Theory date 
arrested senescence of the perianth and strand. Negative results were obtained 
from indoleacetic and indolebutyric acids. In the Deglet Noor variety, spraying 
with naphthaleneacetic acid in aqueous solution about 10 days after pollination 
reduced the set by about 50 per cent. 

Material and methods 

This study was conducted at Michigan State College, East Lansing, during the 
summer of 1938 and the spring and summer of 1939. The varieties used were: 

Watermelon (CitruUus vulgaris ) : Winter Sweet, Fordhook Early, Early Ari- 
zona, Favorite Honey, Harris Earliest, Best Early, Select Early, Sweet Japanese, 
Tough Sweet, Northern Sweet (Selection nos. i, 2, and 5), Coles Early, Early 
Kansas, Stone Mountain no. 5, Stone Mountain, Kleckley Sweet no. 6, Hawks- 
bury, Iowa i, Iowa 3, Iowa 5, ''Yellow Melon,’' and six selected strains. 

Cucumber sativus) : National Pickling. 

Muskmelon var. reticulatus) : An unnamed selection for the 

greenhouse tests in the spring 1939 and the variety Honey Rock for the summer 
experiments. 

Pumpkins and squashes (Cucurbita pepo): Early Prolific Straightneck, Dark 
Green Zucchini, Omaha, Delicata, Fort Berthol, White Bush Scallop, Table 
Queen, and Hardin Bush, 
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Squashes {Curcurbita maxima) : Buttercup. 

Squash (Cucurbita moschata) : African Bell. 

In addition, certain cucurbits of uncertain species carrying U.S.D.A. Plant 
Introduction nos. 127585, 127586, 127588, 127589, and 127590. 

Pepper {Capsicum frutescens) : Harris Wonder. 

Tomato {Lycopersicum esculentum): Michigan State Forcing. 

Eggplant {Solanum melongena) : New Hampshire Hybrid. 

Strawberry {Fr agar id): An unnamed variety of the everbearing type. 

The Winter Sweet watermelon (fig. i), also known as Dakota Sweet, is of me- 
dium size, red fleshed, weighing 9--14 pounds, with about 600 seeds per fruit. It is 
andromonoecious with occasional monoecious flowers. Northern Sweet is closely 
related to Winter Sweet, differing little either in external or internal character- 
istics. Favorite Honey (fig, 2) is a small, early, and very prolific melon with yel- 
low flesh. It weighs 3-4 pounds and has about 250 seeds per fruit. The strains 
designated as Selection nos. 1-6 were derived from crosses between Favorite 
Honey and Winter Sweet. The seed of the Yellow Melon was purchased from a 
commercial firm as Favorite Honey, but later it was found to differ from Favorite 
Honey from other sources. This melon was much larger in size, averaging about 
8“I2 pounds, with very light lemon-yellow flesh. Its rind is exceptionally crisp and 
thin so that the fruits crack open easily. There are about 900 seeds per fruit, and 
the variety is andromonoecious. The sex condition of the other watermelon vari- 
eties was mostly monoecious, although occasionally hermaphrodite flowers were 
observed. 

The synthetic growth substances used were naphthaleneacetic acid, potassium- 
naphthalene acetate, indolebutyric acid, colchicine, acenaphthene, sulfanilamide, 
and trimethylamine, mostly in lanolin paste. Naphthaleneacetic acid was also 
used as a spray by means of a hand atomizer. 

The chemicals were thoroughly mixed with lanolin and these preparations 
smeared either on the stigma (if the style was short) or on the cut surface of the 
style (if the latter was long). If the style was more than 2 mm. it was found de- 
sirable to cut it off about i mm. above the ovary and smear the lanolin prepara- 
tion on this surface.^ Pastes prepared from growth substances were used in con- 
centrations of i, 2, 2.5, and 5 per cent. For spraying, 50 and 500 p.p.m. were used 
in the case of naphthaleneacetic acid and 40 p.p.m. in the case of trimethylamine. 
Since naphthaleneacetic acid is not soluble in water, the desired amount was first 
dissolved in a small quantity of alcohol, which was then added to the required 
amount of' water. ' .■ 

The watermelons, cucumbers, muskmelons, eggplants, and peppers used in the 
field experiments were started in the greenhouse and transplanted to the field later. 
Some of the watermelon seeds were pre- treated with different chemicals, such as 
/ 2 Gustafson, .F. G., Gommimication of March 5, 1937. : 



Figs, i, 2.— Fig. i (above), Winter Sweet watermelon: side and blossom-end view of partlienocarpic 
fruit produced by treating style with naphthaleneacetic acid in lanolin paste before anthesis. Note 
marked protruding stylar scar tissue in blossom-end portion. Fig. 2 (below), Favorite Honey watermelon: 
(i) from self-pollination with about 20 grains of pollen and with K-naphthalene acetate paste added; (2) 
from naturally pollinated pistil. 
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colchicine, acenaphthene, ether, and water, for various lengths of time before 
sowing. 

Usually the flowers of each variety were subjected to four kinds of treatments: 
(i) pollinated in the usual way, (2) self-pollinated by hand, (3) treated with the 
substances under investigation, and (4) neither pollinated nor treated. 

Flower buds nearly ready to open — but before anthesis had taken place — were 
selected. In hermaphroditic flowers, emasculation was carried out the day before 
treatment and the flowers protected with a wire cage. In a later experiment the 
style was cut off just above the ovary with a sharp scalpel, and the cut surface 
either smeared with the lanolin preparation or left without treatment as a control. 
Flowers so treated were not caged. A careful trial by Gustafson (6), further con- 
firmed by the writer, showed that if pollen is placed on the cut surface of the style 
there is never any development of the ovary to indicate that fertilization had 
taken place. 

Investigation 

Experiments with watermelon 

Preliminary trials (1938).— These included nine varieties and thirteen treat- 
ments. Pistils were not treated until after each plant had developed at least one 
rather good-sized fruit from self-pollination. Apparently this pollinated, seed- 
bearing fruit exerted some inhibiting effect on, or led to an unfavorable condition 
for, parthenocarpic development, thus explaining the poor results obtained 
(table i). 

No fruits were formed where emasculated flowers were left unpollinated or 
where the styles were cut and then lanolin paste, pollen, or indolebutyric acid 
applied to the cut surface. On the other hand, fruit development was induced by 
application of naphthaleneacetic acid, either to the stigmas or to the cut style 
(fig. i). These watermelons were seedless and also lacked seed coats, with the ex- 
ception of those of the variety Harris Earliest. They varied considerably in shape 
and size. In general they were slightly angular or even ribbed, although some were 
normal in shape and size. They were solid and firm in texture, and the flesh showed 
an intense red coloration. No difference in flavor could be detected when com- 
pared with normally pollinated fruits. 

The three plants of the Winter Sweet watermelon grown from seed which had 
first been subjected to colchicine treatment showed a typical colchicine effect — 
stunting early in the season, large leaves and flowers, and great vigor later in the 
season. Although pollen was present in considerable abundance, it failed to induce 
fruit setting when the blossoms were selfed; on the other hand, hormone-treated 
flowers set satisfactorily. 

In a parallel experiment involving colchicine pre-treated plants, a small fruit 
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was produced by self-pollination and a large one by treatment with i per cent 
naphthaleneacetic acid in lanolin paste. Both flowers were treated at the same 
time. The fruit from selfing dropped within lo days, but the hormone-treated 
fruit continued to grow until maturity. Nevertheless, fruits containing apparent!}’ 
normal seeds were formed from some open-pollinated flowers (fig. 3B). Probably 
this was due to fertilization by nearby noncolchicine-treated plants. It is a case of 
vicinism. These fruits were much smaller in size and slower in growth than those 
from the hormone-treated blossoms. 

TABLE 1 

WATERMELONS: FRUIT SETTING AS RESULT OF HORMONE TREATMENT; 1938 

Data for nine varieties grouped together 

Treatment 


2.5% iba* in lanolin paste applied to cut 

style 

5% iba in lanolin paste applied to cut style 

2.5% iba paste applied to stigma 

Check, no treatment except emasculation . . 

Cut style only 

Pollen applied to cut style 

Lanolin paste applied to cut style 

2.5% naa paste applied to cut styles 

5% naa paste applied to cut style t 

2.5% naa paste applied to cut stylef 

1% naa paste applied to cut stylef 

Self-pollinatedf 

Stigma sprayed with 0.05% naa solution f. 

f These abbreviations are used in this and the following tables: naa = naphthaleneacetic add; kna -~po- 
tassium-naphthalene acetate; iba =indolebutyric acid; a =acenaphthene; s— sulfanilamide; c=colchicine, 
t Seeds pre-soaked in 0.4% colchicine aqueous solution for 4 days at room temperature. 

Greenhouse trials (1939).— About two dozen flower buds from Selection 
nos. I, 2, and s were treated. Acenaphthene powder was first used to cover the 
cut styles, which were then covered with a lanolin paste containing i per cent 
naphthaleneacetic acid. Four fruits of normal size were ripened, 1900-3241 gm. 
in weight. They contained hard seed coats of about normal size but without em- 
bryos. It is a case of stenospermy. Three small fruits entirely lacking in edible 
flesh were also produced. 

Field EXPERIMENTS (1939). — These included twenty-one varieties with sixteen 
treatments. The results are presented in table 2. Ovaries of flowers with treated 
stigmas or cut styles showed various responses. Some failed to develop at all; 





Figs. 3, 4, — Fig. 3 (above), Winter Sweet watermelon: left, iongisection of naphthaleneacetic acid- 
treated fruit; right, cross section of open pollinated fruit. Note absence of seed coats in A. Seed from 
which plant was grown was soaked in 0.4 per cent colchicine solution for 4 days. Fig. 4 (below), Winter 
Sweet watermelon : tw'o watermelons produced from naphthaleneacetic-acid treatment. The one without 
seeds and seed coats grew on a vine produced from seed pre- treated with colchicine; the fruit on the right 
produced what appeared to be seeds, but which were in reality undersized seed coats. Seed from which 
this plant was grown was given no such pre- treatment. Note greatly thickened rind in both cases. 
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others developed into small fruits which remained on the vine but never grew 
normally; others developed into normal fruits, except for the absence of seed. 

Table 2 shows that a mixture of two growth substances gave better results than 
one alone. For example, when acenaphthene and naphthaleneacetic acid were used 
together, the percentage of parthenocarpic fruits produced was 7.2, as compared 
with 2.3 and o when naphthaleneacetic acid and acenaphthene, respectively, were 

TABLE 2 


WATERMELONS: FRUIT AND CROP SETTING AS RESULT OF APPLICATIONS OF 
HORMONES IN LANOLIN PASTE TO CUT STYLE; 1939 


Treatment 

No. or 

FLOWERS 

TREATED 

Fruit set* 

Crop set* 

No. OF 

varieties 

USED 

No. 

% 

No. 

% 

1% naa 

322 

69 

21.4 

14 

2.3 

10 

2 % naa 

402 

149 

371 

29 

7.2 

13 

1% kna 

306 

62 

20.3 

5 

1 .6 

II 

2 % kna 

309 1 

97 

31.4 

16 

S-2 

12 

1% each of naa and iba i 

301 1 

87 

28.9 

IS 

5.0 

12 

1% naa plus io% a. 

430 

143 

33-3 

31 

7.2 

10 

1 % kna plus 0.1% c 

152 j 

46 

30.3 

4 

2.6 

8 

1% kna plus 0.5% c 

106 

46 

43-4 

15 

14.2 

7 

1% kna, 1% a, i% iba, and o. i% c 

lOI 

39 

38.6 

9 

8.9 

6 

About 20 grains of pollen applied to stigma . 

103 ! 

2 

1.9 

I 

1 .0 

5 

About 20 grains of pollen applied to stigma 







plus: 







1% kna paste to stigma ’ 

102 

22 

21.6 

3 

2.9 

7 

1.5% s j 

50 

0 

0 

0 



10% a 

84 

0 

0 

0 



Check, cut style only 

524 

0 

0 

0 


n 

Selling of one-lobed stigma and removing of 





other two lobes. 

29 

2 

6.9 

I 

3-S ^ 

5 

Seif-pollinated 

180 

80 

44.4 

66 

36.7 








* The terms fruit set and crop set in this and following tables are used to describe the degree of development obtained: 
fruit set applies to fruits 1.5-12.5 cm. in diameter, while crop set applies to fruits more than 12.5 cm. in diameter. 


used alone. Indolebutyric acid failed to induce parthenocarpic development at 
concentrations of i, 2.5, and 5 per cent but when a mixture of i per cent each of 
indolebutyric and naphthaleneacetic acids was used, 5 per cent of parthenocarpic 
fruits of normal size were obtained. 

; In these experiments a concentration of 2 per cent of the different chemicals 
gave better results than i per cent. There was some indication that the naph- 
thaleneacetic acid had a greater influence on parthenocarpic development than its 
potassium salt. 

To determine whether a watermelon fruit can develop with a very limited num- 
ber of seeds, about twenty grains of pollen were applied to the stigmas of each of a 
number of flowers. Only one fruit developed from the 103 flowers treated in this 
way. By adding a growth substance (K-naphthalene acetate) to the stigma, how- 
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ever, followed by application of a limited amount of pollen, three mature fruits 
were obtained from 102 treated flowers. In general, all the hormone-treated 
ovaries that did not develop into mature fruits enlarged to several times their 
original size, then ceased further growth, turned soft, and dried but persisted on 
the vine, even when the plants were killed by the first frost. On the contrary, the 
untreated and unpollinated ovaries were shed within 7--10 days. 

TABLE 3 


WATERMELONS: RESPONSE TO THE VARIOUS HORMONE 
TREATMENTS LISTED IN TABLE 2* 


Variety 

No. OF 

FLOWERS 

TREATED 

Fruit set 

Crop set 

No. 

% 

No. 

% 

Winter Sweet 

567 

187 

32.9 

31 

5 - 5 . 

Northern Sweet 

540 

96 

17.7 

2 

0.4 

Favorite Honey 

204 

69 

33.8 

40 

19.6 

Coles Early 

64 

33 

51-5 

3 

4.7 

Early Kansas 

45 

10 

22 . 2 

I 

2.2 

Fordhook Early 

94 

30 

31-9 

2 

2.1 

Stone Mountain 

62 

26 

41.9 

2 

3.2 

Kleckley Sweet 

34 

15 

44.1 

0 





Hawksbury 

83 

15 

18.0 

I 

1 . 2 

Iowa 5 

26 

10 

38.4 

I 

3.8 

Selection i 

45 

0 


0 


Selection 2 

II 

5 

45-4 

5 

45 -S 

Selection 3 

2 

0 




Selection 4 

II 

2 

18. 1 



Selection 5 

58 

10 

17.2 

4 

6.9 

Harris Earliest 

10 

2 

20.0 

0 


Yellow Melon 

565 

226 

40.0 

46 

8.1 


* With the exception of pollination, check and treatments with acenaphthene and sul- 
fanilamide. 


Colchicine , when mixed with the synthetic growth-substance preparation, gave 
an increase in the percentage of parthenocarpic fruits from any treatment: a 14.2 
per cent set resulted from a mixture of i per cent naphthaleneacetic acid and 0.5 
per cent colchicine preparation. Probably colchicine may be considered as a “' 
growth substance from the standpoint of parthenocarpic development. 

By removing two-thirds of the stigmatic surface and pollinating only the re- 
maining portion, normal seed-bearing fruits were produced. 

Differences in varietal response to various hormone treatments are presented m 
table 3. 

Table 3 shows that varieties differ greatly in their ability to produce parther j- 
carpic fruit as a result of treatment. For instance, Favorite Honey and Yellc w 
Melon gave high percentages of parthenocarpic fruits, but Early Kansas, Northern 
Sweet, and Selections i, 3, and 4 produced none or very few. Northern Sweet is 
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probably closely related to Winter Sweet; however, the former variety gave a 
much lower percentage of parthenocarpy. Moreover, Selections 1-5 were all de- 
rived from a cross between Winter Sweet and Favorite Honey, but only Selections 
3 and 5 produced parthenocarpic fruits. 

Table 4 presents the responses of four representative varieties to the various 
hormone treatments. The responses agree closely with those shown in table 2. 

TABLE 4 

WATERMELONS; NUMBERS AND PERCENTAGES OF FRUIT AND CROP SETTING 
WITH HORMONES IN LANOLIN PASTE APPLIED TO CUT STYLES 


Treatment 


1% naa 

2% naa 

1% kna 

2% kna 

1% mixture of naaj 

and iba 

1% naa plus io%a. 
i%kna pluso. i%c 
i%knapluso.5%c 
1% each of kna, a, 
iba, and 0.1% c. 
About 20 grains of 
pollen applied to 

stigma I 

About 20 grains of| 
pollen applied to 
stigma plus i%\ 
kna paste to stig 
ma 



10% a 

Check, cut style 

only 

Self-pollination byl 
hand 


W^iNTER Sweet 


24.7 

37-5 

20.5 

7.4 

30.0 
43-1 

50.0 

16.7 

32.3 


Northern Sweet 


Favorite Honey 


57.7 


53-8 


95 

120 

66 

78 

61 

52 

43 

18 


5-3 

29.2 

6.1 

16.7 

16.4 

17-3 

233 

33-3 

57-1 


IS. 6 


16.0 

48.6 

27.3 

27.3 

32.1 
10. o 

22. 7 

46.9 


12.0 
35-2 
18.2 
13.6 

17.9 

10. 0 

4.5 

24.5 


Y'ellow Melon 


70 

98 

102 

55 

74 
96 
15 
1 1 

44 


20.0 

o 


70.0 


40.0 

39-7 

29.4 

49.1 

39.2 

38.5 

60.0 

90.9 

38.6 


19 10. s 


20.0 


70.0 


7 - 
7 • 

I . 

12 . 

5 • 
29. 

13 

27 -. 

13, ( 


46. 


A, number of W treated; B, percentage of fruit setting; C, percentage of crop setting. 

For instance, naphthaleneacetic acid gave a better set than its potassium salt, anc 
a mixture gave more favorable results than one hormone alone. Favorite Hone^ 
^ve the highest set with all treatments, but no initial development was noted 
en a very limited amount of pollen was applied. When pollen was added with a 
growth substance, however, fairly good results were obtained 
\No initial growth was observed on the check flowers of any variety. If natural 
^r enocarpy could occur, it might be expected on Favorite Honey or Yellow 
Mdon, which gave the highest percentage of stimulative parthenocarpy. 

^ responses of watermelons to various treatments with respect to 
ze, shape index, and weight are presented in table 5. Although the means 



Diameter (cm.) 


Shape 

INDEX* 


Weigh- 

(gm.) 


Treatment 


Variety 


FRUITS 


Polar 


Equatorial 


1% naa 
2% naa 
1% kna 

1% naa and i% iba 
1% naa, io% a 
1% naa, o.i% c 
1% each of kna, a, and 
iba; o.i% c 


Winter Sweet 


857 

3070 

4x95 


Northern Sweet 


1%. naa 
2%) naa 
1% kna 
2% kna 

naa, 1% iba 
naa, 10% a 
1% naa, 0.1% c 
59( naa, 0.1% c 
About 20 pollen grains: 
x% kna 


Favorite lioney. 


Coles Early 


2% kna 
j"i% kna 
1 1% naa, 10^ 


Early Kansas . . 
Fordhook Early 


1% each of kna, a, and 
iba; 0.1% c 
2% naa 
2% kna 


Stone Mountain 


Hawksbury 
Iowa 5 . . . . 


naa 

kna 

naa, 10^ 


Selection 


Selection 


naa 

naa 


Yellow Medon 


EquatoruU flkimeter 
Polar diameter 


WATERMELONS: MEAN FRUIT SIZE, SHAPE INDEX, AND WEIGHT AS RESULT OF TREATMENT 


TABLE 5 


i iH't- kna 
29^. kna 

■ 1% naa, iba 
) H y. naa, lo^ a 
: 1% naa, 0.1^’; c 
isO;- naa, o.HTf c 
1 1% each of kna, a, and 
I iba; c 
; About 20 pollen grains 
i Self pollinated 


1 1 . 8 0.78 

19.9 0.95 


21 ■ 2 

18.4 

15.6 

21.4 

20.0 

18.0 

18.6 
16.9 
15 -4 


o . 91 
0.90 
0.87 
0.94 
0.84 
0.90 
0.98 
0.90 
0.92 


19.4 
lb. 5 
13 -b 

20.0 
16.8 

16. 1 

18.2 


•iS-t 

14-3 
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represent only a limited number of fruit measurements, they indicate that the 
average size of the parthenocarpic fruit was less than that of pollinated seed-bear- 
ing truits. However, parthenocarpic fruits of normal size or even larger than those 
horn pollination were obtained in some varieties, such as Favorite Honev and 
Yellow Melon, when their ovaries were treated with certain growth substances. 

oreover, many fruits of normal shape were produced as a result of partheno- 
carpic development, as indicated by the shape indices. 

Most of the parthenocarpic fruits that developed to full size were normal in 
appearance, except that they lacked seeds. On the other hand, some fruits which 
can be induced to set parthenocarpically do not respond normally to treatment, as 

TABLE 6 

Watermelons: Characteristics of parthenocarpic and 

SEED-BEARING FRUITS 


Variety 

Treat- 

ment 

Thickness 

OF RIND 

(mm.) 

Color of flesh* 

HoLLO'^VNESS 

Winter Sweet .... 

Pt 

H 

9.5-4 . 7 
15.9-8.6 

Red (Vermilion 18/2) 

1 Deep red (Signal Red 719/2) 

Hollow 

Solid or hollow 

Yellow Melon. . . 

. 

P 

H 

9. 2-4. 3 

12.8-7.0 

Pale yellow (Aureolin 3/3) 
Orange yellow (Lemon Yellow 
4/ 1 to Tangerine Yellow 9 /^) 

Hollow 

Mostly solid 

Color description based on Horticultural Color Chart (i). 

TP— pollination; H = hormone. 

1 


Stylak 

SCAK TlSSinj 


Sunken 

Protruding 

Sunken 

Protruding 


ndicated by abnormal development of their various tissues. Their flesh (placen 

of con/r tlTf developed, or a light margin may occur in the place 
rld^ A ^ placental regions; there is often an increase in the thickness of 

, and stylar scar tissue, are presented in table 6 
polhtlted^nif ^ as thick as that of the 

between them was their stviar scar t' S' Another outstanding difference 
dev*ped irom app,™ .hi 

oals as S“«rrdtef„rrr‘d‘° 

onrpic fruiu in water^l^ p Xf ‘‘“d 'r'"' ““ 

are presented m table 7 and hgure 5. These data 
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show that no seed was developed in any of the treated fruits, although seed 
coats were developed to various degrees. Winter Sweet, Northern Sweet, Favorite 

TABLE 7 


WATERMELONS: VARIETAL RESPONSE IN SEED AND SEED-COAT DEVELOPMENT 
AS SHOWN BY SELF-POLLINATED AND PARTHENOCARPIC FRUITS 


Variety 

Treat- 

ment 

Seed 

Seed coat 

Size (mm.) 

Weight* 

(cm.) 

Size (mm.) 

Weight 

(gm.) 

Appe.ak.\nce 

Winter Sweet ....... 

P 

X 2 . 1 X 7 ■ 2 

7.744 



Black, hard 


Ht 

0 


10.0X6.0 

1.562 

Black, hard 


Hi 

0 


0 



Northern Sweet 

p 

12 .0X7-4 

7-350 



Yellow, hard 


H 

0 


10.0X6.0 

1-556 


P'avorite Honey 

P 

TI .0X7-2 

5.040 



Brown, hard 


H 

0 


9.8X6. 2 

2.075 

Brown, hard 


P+H 

10.8X7-2 


9 - 3 XS -7 

1.490 

Brown, hard 

Coles Early 

P 

i 3 -.iX 8.5 

9.025 



Black, hard 


H. 

0 


10.4X5-5 

1-345 

Light yellow, soft 

Early Kansas 

P 

14.0X8.8 

12.120 



Brown, hard 


H 

0 


14.0X5-8 : 

1 . 100 

Yellow, papery 

Fordhook Early 

P ' 

13.0X8.0 

10.105 



Light yellow, hard 


H 

0 


9-2X5 . 4 

0.830 

Light yellow, papery 

Iowa V ^ 

P 

13.5X8.0 

9.120 



Light yellow, hard 


H 

0 


8.5X50 

0.708 

Light yellow, papery 

1 

Selection 2 '1 

P 

12.2X8.0 ■ 

10.517 * 



Black, hard 


H 

0 


10.2X6.4 

1.725 

Black, hard 

Selection 5 

P 

0 






H 

0 


9-8X5. 9 

1 .178 

Light brown to semi-hard 

Stone .Mountain ..... 

P 

13.8X8.5 

11-352 



Yellow, hard 


H 

0 


8 . 7X49 

0.300 

Yellow, papery 

Hawksbury, ........ 

P 

Ev 5X7-0 

8 . 000 



Black, hard 


H 

0 


8. 0X4.0 

0.275 

Brown, papery 

Yellow Melon 

P 

9 -6X6 . 3 

5-283 



Dark brown, hard 


i H 

0 


6. 3X3. 8 

0.342 

Light yellow, papery 

Early Arizona 

^ P 

12.3X8. 1 

12,140 



Black, hard 


■ H 

0 






WpightK of seeds and seed coats calculated on air-dry condition and given in grams per loo seeds from composite sample 
of .100-500 individuals. ' ' 

t Composite sample of all treatments, of different concentrations and combinations. 

I Seeds from these plants had been soaked in a 0,4 per cent colchicine aqueous solution. 

Honey, and Selection 2 produced what appeared to be normal seeds; however, 
none possessed an embiym. Yellow Melon, Fordhook Early, and Stone Mountain 




r, !T7 and seefcoai as indicate, 

low: I, Yellow Melon; j, 4 , Winter Sweet; 6 , Forsook Tstone 

Note only empty seed coats, except for different degrees of t’ ^* 1 , Mountain; p, zo, low 

6 (below), National Pickling cucumber- lonritiiHiifnl f “ hormone-treated fruits, 

cucumber (at left) showing “undeveloned feeds ” typical naphthaleneacetic acid-lrea 

cucumber (at right). “developed seeds, compared in shape and size with open-pollina 
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possessed only very small, papery seed coats. Pre-treatment of the seeds with a 
proper dosage (0.4 per cent for 4 days in Winter Sweet in this case) of colchicine 
prevented development of the integuments into seed coats in the parthenocarpic 
fruits. On the other hand, neither mixing the colchicine powder with the growth 
substance (K-naphthalene acetate) in the paste applied to the cut style of the 
blossom nor applying the substance to the flower produced from a stem which has 
been painted with colchicine paste prevented seed-coat development. Pre-treat- 
ment of the seeds with acenaphthene and other chemicals did not prevent develop- 
ment of empty seed coats. 

EximRIMENTS WITH CUCUMBER 

In the American type cucumber, such as the National Pickling variety, a con- 
striction of the stem end or blossom end is usually associated with seedlessness of 

TABLE 8 

National Pickling cucumber: Fruit setting as resui.t 

OF HORMONE TREATMENT; 1938 


Treatment 

No. OF 

! BLOSSOMS 

No. .SET 

Percent- 
age SET 

2.5% naa in lanolin paste applied to cut style cap . . . 

30 

13 

43 

1% naa in lanolin paste applied to cut style cap 

32 

24 

75 

5% naa in lanolin paste applied to cut style cap 

25 

5 

25 

No treatment except nipped-off stigma 

30 

3 

10 

No treatment and no pollination 

ArA 

5 

II 

1% naa paste applied to stigma 

II 

6 

54 

Self -pollinated 

Female flower sprayed with 0.05% naa solution with 

15 

8 

53 

hand atomizer* 

42 

14 

33 

This treatment used near end of season, which may account for low percentage of set. 


that particular portion. Vegetative parthenocarpy seldom occurs in this variety 
(13, 14). An experiment was conducted with this variety in an attempt to secure 
seedless fruits of normal straight shape by means of growth substances. There 
were eight series of treatments. The treated blossoms were covered with wire 
cages before anthesis and left covered for 4“”6 days after treatment. Naphthalene- 
acetic acid was the only hormone used. The results are given in table 8. 

Although the number of samples was not large enough to permit any conclusive 
statement, the results indicate that naphthaleneacetic acid did induce partheno- 
carpic fruits of normal size and shape, either when the hormone was applied in 
lanolin paste of 1-5 per cent concentration or as a 0.5 per cent aqueous solution. 
Longitudinal sections of a self-pollinated seed-bearing cucumber and a stimulative 
parthenocarpic fruit are shown in figure 6. Hard viable seeds were present in the 
pollinated fruits; only soft, small, and undeveloped ^^ovules'' were found in the 
parthenocarpic ones. , 
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In the spring of 1939, under greenhouse conditions, about one dozen flower buds 
of the same variety were used in a further test. After the stigma and corolla were 
removed, the style cap was sprayed with naphthaleneacetic acid and trimethyl- 
amine in concentrations of 500 and 40 p.p.m., respectively. Three of the flowers 
were treated with i per cent naphthaleneacetic-acid paste. Straight fruits of nor- 
mal size, having undersized seed coats without embryos, were obtained. One fruit 
which was produced by spraying with naphthaleneacetic acid at a concentration 
of 500 p.p.m. on April 26 was picked on June 19. It weighed 1132 gm. and was 
26.5 cm. in length. 

Experiments with Cucurbita pepo 

In the spring of 1939 an unnamed pumpkin of this species was used in the 
greenhouse. Four flowers were treated with acenaphthene and i per cent naph- 

TABLE 9 

Early Prolific Straightneck squash: Fruit and crop setting 

AS RESULT OF HORMONE TREATMENT IN LANOLIN 
PASTE TO CUT STYLES 


Treatment 

No. OF 

FLOWERS 

TREATED 

Fruit set 

Crop set 

No. 

% 

No. 

% 

1% kna 

2%kna* 

3 

10 

4 

2 

3 

10 

I 

0 

100 

100 

25 

0 

3 

100 

1% kna and 0.5% c 

Check, cut style only 

I 

25 


* Blossoms treated very late in season and killed by first frost. 


thaleneacetic-acid paste applied to the cut style on May 3. Three ^Truits’^ reached 
the size of 5.0X4.9 cm., then turned soft and finally dropped on May 16. The two 
check flowers dropped when their ovaries had attained a size of 1.8X 2.0 cm. 

In the summer of 1939, eight varieties were used in further tests. The results 
with Early Prolific Straightneck and Dark Green Zucchini are shown in tables 9 
and 10. The flowers were limited in number, but they indicated that both varieties 
are susceptible to parthenocarpic development. No external differences could be 
detected between normal and parthenocarpic fruits of squash. Although these 
two varieties belong to the same species, Cucurbita pepo, the integuments did not 
undergo the same degree of development in their parthenocarpic fruits. There 
were small, soft-textured seed coats in Early Prolific Straightneck but none in 
Dark Green Zucchini. 

Other varieties used in this experiment, but with a more limited number of 
flowers (10--20 blossoms), were: Top of the Market, Hardin Bush, Omaha, Deli- 
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cata, Table Queen^ and Fort BarthoL One mature fruit of Top of the Market was 
obtained by treatment with 2 per cent K-naphthalene acetate paste. No seeds or 
empty seed coats were found. One fruit of Hardin Bush was obtained from the 
same hormone treatment but dropped when it reached the size of 12.5X11.0 cm. 
Very little growth, was observed in the treated ovaries of Fort Berthol, Omaha, and 
Delicata. 

Experiments with Cucurbita maxima 
In the spring of 1939, Buttercup squash was grown in the greenhouse. The cut 
styles of a few flower buds were treated with acenaphthene, followed by i per cent 
naphthaleneacetic acid paste, and another group was treated with naphthalene- 


TABLE 10 

Dark Green Zucchini squash: Fruit and crop setting as re- 
sult OF hormone treatment in lanolin paste to cut styles 



acetic acid alone. Flowers were treated on April 30 and the fruits matured about 
June 10. Seven externally normal fruits were produced (fig. 7), which were with- 
out seeds (fig. 8). The placental region of the parthenocarpic fruits was more re- 
stricted and they had a much thicker receptacle and pericarp than had normal 
seed-bearing fruits. Stylar tissue was fully developed. One undersized fruit was 
produced from treatment with i per cent naphthaleneacetic acid. In the summer 
of 1939 further experiments with the same variety were conducted. The results 
are shown in table 1 1 . 

Experiments with Cucurbita moschata 
In the spring of 1939, the African Bell variety was used in the greenhouse. Out 
of four flowers treated with acenaphthene and i per cent naphthaleneacetic-acid 
paste, three normal fruits were obtained. One good fruit was also produced from 
naphthaleneacetic-acid treatment. The flowers were treated May 8 and fruits 
were picked July 6. One of them weighed 3270 gm. Fairly large seed coats, soft 
in texture, were present. 



Figs. 7, 8,— Fig. 7 (above), Buttercup squash: blossom-end view of hormone- treated fruit {me) and 
pollinated fruit {poll) showing similarity in external appearance. Fig. 8 (below), Buttercup squash: 
longisection of hormone- treated fruit showing absence of seeds and seed coats. Placental region more 
restricted and with much thicker receptacle and pericarp than normal seed-bearing fruit. 


five flowers of Honey Rock were treated with ‘i and 2 per cent each of naph- 
thaleneacetic acid and its potassium salt and a mixture of i per cent naphthalene- 
acetic acid and 10 per cent acenaphthene. Only negative results were obtained. A 
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Experiments with Cucumis melo var. reticulatus 
In the spring of 1939 about one dozen flowers of an unnamed selection of musk- 
melon were used and three mature fruits secured. In the summer of 1939, thirty- 
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limited number of flowers of cucurbits of unidentified species carrying U.S.D.A. 
Plant Introduction numbers were treated with various growth substances, but no 
parthenocarpic fruits developed. 

Experiments with solanaceous plants 
Pepper (Capsicum annum). — In the summer of 1938, various tests were made 
on the Harris Wonder variety. Twenty-four fruits out of twenty-five blossoms 
developed parthenocarpically as a result of treatment with i per cent naph- 
thaleneacetic acid. Four fruits developed following spraying the stigmas with 0.05 


TABLE 11 

Buttercup squash: Fruit and crop setting as result of hor- 
mone TREATMENT IN LANOLIN PASTE TO CUT STYLES 


Treat.ment 

No. OF 

FLOWER.S 

TRE-ATED 

Fruit set 

Crop set* 

No. 

% 

No. 

% 

1% kna 

12 

9 

75 

5 

42 

1% each of naa and iba. . . 

7 

I 

14 

0 


1% naa and 10% a 

9 

2 

22 

0 


1% naa and 10% af 

10 

9 

90 

9 

go 

1% kna and 0.1% c 

II 

9 

82 

7 

64 

1% kna and 0.5% c 

7 

3 

43 

I 

14 

i%kna, 1% a, 1% iba, and 






O.I%C... 

10 

5 

50 

I 

10 

Check, cut style only 

7 

0 

0 

0 



* By criteria of (a) loss of semi-glossy green color in rind and presence of yellow color near 
ground portion, (6) full size, and (c) toughness of rind. 

t Application of abundance of acenaphthene to the cut style, then covering with naphtha- 
leneacetic-acid paste. Treatment conducted in the spring of igsg in the greenhouse. 

per cent naphthaleneacetic acid. Out of seven flowers, the styles of which were 
cut but given no further treatment, four formed fruits which were seedless. Pos- 
sibly parthenocarpy in this instance may have been due to the stimulating effect 
of some wound hormone from the cut style or to vegetative parthenocarpy. The 
treatment was started very late in the season, and all the plants were killed by 
frost before the fruits reached full maturity; however, all partly grown, hormone- 
treated fruits were seedless and normal in shape. 

Tomato (Lycopersicum esculentum). — Fifteen flowers of the Michigan State 
Forcing variety were emasculated and treated with naphthaleneacetic acid. The 
results are presented in table 12. No seed developed. Most of the fruits were solid 
in the placental region. 

Fruits resulting from an aqueous spray were much smaller than those produced 
from the paste treatment. Many of the parthenocarpic fruits showed internal 
breakdown at the blossom end, with the appearance of blossom-end rot. 
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Eggplant (Solanum melongena)— Flowers of the variety New Hampshire 
Hybrid were treated late in the summer of 1939, and the fruits were still small 
when picked because of frost. The largest of the six parthenocarpic fruits reached 
a size of 11.5X 10.2 cm. from treatment with a mixture of i per cent naphthalene- 
acetic acid and 10 per cent acenaphthene. Fruits from treatment with a mixture 
of I per cent each of naphthaleneacetic and indolebutyric acids were somewhat 
smaller. There appeared to be no external differences between pollinated and hor- 
mone-induced fruits, although the normally pollinated fruits grew more rapidly. 


TABLE 12 

Tomato (Michigan State Forcing): Fruit setting as 

RESULT OF HORMONE TREATMENT 


Treatment 

1 

No. OF 

FLOWERS 

TREATED 

No. OF 

FRUITS 

SET 

Range in 

WEIGHT 

OM.) 

Sprayed with 500 p.p.m. naa solution , . 

9 

9 

33 - 69 

Sprayed with 50 p.p.m. naa solution. . . 

3 

3 

42- 60 

1% naa paste applied to cut style 

3 

3 

i33“iSo 


TABLE 13 

STRAWBERRY: FRUIT SETTING AS RESULT OF HORMONE TREATMENT 


Treatment 

No. OF 

FLOWERS 

treated 

No, OF 

FRUITS 

SET 

Remarks 

Sprayed with 500 p.p.m. naa. . 

12 

12 

Average over 20 mm. diameter, achenes small 
and embryoless 

Self hand-pollination 

I 

I 

26 mm. diametet, achenes large with embryos 

Open pollination 

5 

2 

22 mm. diameter, achenes without embryos 

Check, emasculation only 

4 

I 

14 mm., lop-sided 


On sectioning, only minute lines showed where the locules would normally have 
been, and there were no signs of ovules. The one control dropped within a week 
after the style was cut off . 

Experiments with strawberry 

In the late fall of 1938, potted plants of an unnamed ever-bearing strawberry 
were used for fruit-setting experiments. About two dozen flower buds were 
treated. Unopened hermaphrodite flowers were first emasculated, then sprayed 
with naphthaleneacetic acid in concentrations of 50 and 500 p.p.m. with a hand 
atomizer. Parthenocarpic fruits of normal size containing achenes that appeared 
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normal were obtained; however, the latter were found to lack embryos. Some of 
the treated receptacles made only a slight initial growth, and achenes rarely de- 
veloped on them. In the spring of 1939, a further experiment was conducted, the 
results of which are presented in table 13. 

Summary 

1. No parthenocarpy, vegetative or stimulative, other than that due to hor- 
mone treatment, occurred in the watermelons and other species of Cucurbita 
tested, except for cucumber and pepper. 

2. A very limited number of pollen grains did not cause the watermelon to set 
fruit. By adding a growth substance, however, mature fruits were obtained. 

3. Treated watermelon flowers which did not develop and mature partheno- 
carpic fruits yet persisted on the vine, apparently because the substances pre- 
vented the formation of an abscission layer. 

4. No apomictic seed of any sort developed in the parthenocarpic fruits pro- 
duced from growth substances. 

5. A mixture of two growth substances gave better results than one alone; for 
example, indolebutyric acid, acenaphthene, and sulfanilamide induced partheno- 
carpy when employed alone, but gave more favorable results when mixed with 
other substances. 

6. Indolebutyric acid (1-5 per cent), acenaphthene (10 per cent), and sul- 
fanilamide (1.5 per cent) in lanolin paste failed to induce parthenocarpic develop- 
ment in watermelon. 

7. Naphthaleneacetic acid had a greater effect on parthenocarpic development 
than its potassium salt and other growth substances. 

8. There were great variations in fruit size and seed-coat development among 
the parthenocarpic fruits. Normal-sized hard seed coats were occasionally present 
in some fruits; however, seedless fruits of normal size which lacked seed coats were 
present in many species or certain varieties within the same horticultural group. 

9. Pre-treatment of watermelon seeds with proper dosage of colchicine pre- 
vented development of integuments into seed coats on parthenocarpic fruits. Mix- 
ing the colchicine with a growth substance in the paste applied to the cut style did 
not prevent such seed-coat development. 

This investigation was conducted at the Michigan State College, and the WTiter 
is grateful to Dr. R. P. Hibbard of that Institution for supplying some growth 
substances for the preliminary trials; to Mr. H. L. Seaton for many of the plants 
in the earlier experiments; to Mr. K. C. Barrons for his criticism of the manu- 
script; and especially to Dr. A. F. Yeager for his constant encouragement and for 
making available facilities and opportunities to carry out this research. He is also 
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indebted to Dr. F. G. Gustafson of the University of Michigan and to Dr. P. W. 
Zimmerman of Boyce Thompson Institute for Plant Research for helpful informa- 
tion regarding work on growth substances. 

Lingnan University 
Chi Toe, Chow Yan District 
Kwangtung, China 
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HYPERAUXINY IN CROWN GALL OF TOMATO^ 


(with one figure) 

Introduction 

The literature contains several reports bearing on the relative auxin contents 
of healthy organs of tomato and of the same organs bearing galls incited by in- 
oculation with the schizomycete Phytomonas kmefaciens (14, 16, 17, 18, 26, 27). 

Locke, Riker, and Duggar (17) compared noninoculated and inoculated 
plants, including tomato, as to epinasty of leaf petioles, initiation of adventitious 
roots, stimulation of cambium, inhibition of bud development, and delay of 
petiole abscission. They also compared the intensity of these responses following 
inoculation with avirulent and virulent strains of the parasite. It was concluded 
that these responses indicated an increase in growth substances in the inoculated 
plant and that it is less marked in those inoculated with the avirulent strain. 

Link, Wilcox, and Link (14) prepared chloroform extracts of galls incited in 
tomato following inoculation with P. tumefaciens, and of control stems and leaves 
of tomato, and applied these to different parts of the axis of red kidney bean and 
tomato. Application of the gall extract through puncture in the bean hypocotyl 
was followed by whitening and local swelling. Application to the second inter- 
nodes was followed by slight swelling and slight positive curvature. Extracts of 
control stems and leaves produced no effects. Application of the gall extract to 
hypocotyls of tomato seedlings led to slight negative bending and often to killing. 
In older tomato plants only killing was noted. 

Locke, Riker, and Duggar (18) used diffusion and the Avena technique (33) 
in testing the auxin content of noninoculated seedlings of tomato and of seedlings 
inoculated with P. tumefaciens. They made tests on the third, sixth, and ninth 
days after inoculation, using only one seedling of each kind on each of these days. 
On the basis of these limited tests they reported that the inoculated plants dif- 
fused more growth substance than the controls and that the differences increased 
with time. They also applied the diffusion technique to well-developed crown 
galls but could find no significant amount of auxin. They likewise failed to obtain 
any auxin when they assayed the chloroform and alcohol extracts of large galls. 

Later Riker, Berch, and Duggar (27) reported — on the basis of extensive 

* This work was supported in part by a grant from the Dr. Wallace C. and Clara A. .\bbott Memorial 
Fund of the University of Chicago and by aid from the N.Y.A. 

87] 


[Botanical Gazette, voL 103 


88 


BOTANICAL GAZETTE 


[SEPTEMBER 


diffusion and extraction tests with segments of tomato plants bearing crown gall 
and with control segments of the same plant—that no significant differences in 
auxin contents exist between inoculated and control tissues on i, 4, 8, and 16 days 
after inoculation. They conclude: “crown gall and control tissues are similar in 
relation to auxin obtained by extraction and diffusion.” 

Link, Eggers, and Moulton (16), in reporting on the preparation of plant 
tissues for auxin analysis by freezing and drying in vacuum and on success in 
demonstrating an auxinically more active extract from nodules of bean than from 
its roots, mentioned in passing that by use of material so prepared extracts of 
galls of tomato give a higher auxin assay than extracts of the control organ. 

This paper reports the results of Avena coleoptile tests of extracts of non- 
inoculated hypocotyls of tomato and of hypocotyls of the same age and cultural 
conditions but bearing large crown galls produced by inoculation with pure cul- 
tures of P. tumefaciens. The first part of the paper is devoted to a comparison of 
extractants and of extraction procedures; the second, to comparative assays of 
noninoculated and inoculated organs. 

Material and methods 

Seed of tomato, variety Bonnie Best, was sown in soil in pots on September 17, 
1940. Plants were thinned and selected for vigor and uniformity. On October 15, 
one half of the 786 plants available were set aside as controls, and the other half 
were inoculated in the hypocotyl with a pure culture of Phytommas tumefaciens 
(Smith and Town.) Bergey et al. At this stage of development the hypocotyl had 
almost, but not completely, ceased elongation; each plant had two expanded 
leaves, and the internodes were beginning to elongate. The hypocotyl was selected 
for assay because it is the first organ to complete its elongation, and because its 
length and diameter are remarkably uniform in a population of plants grown under 
identical cultural conditions. The hypocotyls were inoculated with a special in- 
strument, a micro- trident, with needles 4 mm. long and i mm. apart set firmly 
in a row. This insured that the triple puncture of each plant was identical as to 
spacing and depth. Before the puncture was made the inoculum was placed on 
the site of inoculation, which was midway between the ground line and the 
cotyledonary node. It was hoped that by using large populations representative 
samples would be obtained. 

The hypocotyls were collected on November 5, 7, ii, and 14; that is, 20, 22, 26, 
and 29 days after inoculation. Each specimen was cut to include the portion be- 
tween the ground line and the cotyledonary node. If adventitious roots were pres- 
ent, these were included in the sample. Control and inoculated hypocotyls were 
weighed and then frozen by placing them in pyrex tubes immersed in a mixture of 
cellosolve and dry ice. After the material was frozen solid it was cut into smaller 
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pieces while still frozen, placed in chilled pyrex flasks, and dried in the vacuum 
(16). After the material was dry it was ground in a Wiley micro-mill to pass 20, 
40, and 60 mesh, thus insuring thorough mixing of the sample. The powder was 
weighed and then stored over P^Oj in vacuum desiccators. Dry weights were de- 
termined by oven drying at 100° C. over night. They are given in table i. 

For each sample 100 plants were collected, except on the last day when only 43 
each of noninoculated and of inoculated plants were available. Table i shows 
that while both inoculated and noninoculated hypocotyls were growing during 
the period of collection, the inoculated were enlarging more rapidly than the non- 
inoculated, and that on the last two days the former on the average weighed al- 

TABLE 1 

Number, wet weight, and percentage dry matter of noninoculated and 

INOCULATED HYPOCOTVaS OF TOMATO 


Date of 

COLLECTION 

j 

j 

XoNINOCUL.ATED 

Inoculated 

Number 

Wet miiiGHT 
(gm.) 

Dry weight 
(oven dried) ' 
(%) 

Number 

Wet weight 
(gm.) 

Dry weight 
( ovcbiN dried) 

C%) 

ii/s/40 

100 

i 

44 j 

9.09 

100 

70.0 

9 • 79 

11/7/40 

100 

40 

9-39 

100 

76.5 

9-31 

1 1 / l 1/40 I 

100 

47 ' 

9-43 

100 

95-0 

9.40 

I1/14/4O I 

43 

i 

22.5 : 

10.09 

43 

43-0 

10.02 


most twice as much as the latter. Practically all the growth at this time was 
diameter increase. 

Figure 1 shows specimens exhibiting extreme difference as to length, diameter, 
root development, and gall diameter at time of collection. A and B are noninocu- 
lated, C-E are inoculated, and all are of the same age and cultural conditions. 
The cotyledonary node is indicated by a line drawn with india ink. In the main 
the inoculated hypocotyls differed from the noninoculated by being slightly 
shorter and slightly thicker, and by bearing more adventitious roots in addition 
to large tumors. These tumors were less green than the hypocotyl. 

Since in preparation of the samples each hypocotyl was cut at the cotyledonary 
node, the coleoptile assays apply to whole noninoculated (plus such roots as they 
bore) as compared with whole inoculated hypocotyls (plus such roots as the 
hypocotyl and gall bore). 

It was assumed that this is a better basis for sampling than use, on the one 
hand, of gall tissue alone and, on the other, of equal weights of contiguous 
tissue of the same hypocotyl, or of comparable tissue from a noninoculated hypo- 
cotyl, because it is not possible to define a sharp boundary of gall and non-gall 
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tissues. The abnormal inaease in number of adventitious roots in the inoculated 
hypocotyl is clear indication that the auxin disturbance is not limited to the im- 
mediate site of the gall. The effect of inoculation with the parasite upon epinastv 
adventitious root development, abscission of petiole, bud initiation, and cambial 
activity in regions remote from the site of inoculation and tumor development 
U4, 17, 18) indicates that if gall development is characterized by auxin disturb- 
ance (dysauxiny), this is not limited to the site of tumor production. 

Since tests (16) with nodules and legume roots had indicated that dry ether 
extracts of thoroughly dry lyophilized material are auxinically inactive, and that 



C f conditions. B noninoculatec 

C-E, inoculated with Phytomonas iunefaciens. Photographed 29 days after inoculation. Natural sTz< 


neither alcohol nor water alone is as effective an extractant as wet ether this 

Skoog (31) for oven-dried material. All ether used was distilled over wet FeSO 
an CaO to eliminate peroxides. For experiments requiring the use of dry ether' 
the peroxide-free ether was first treated with CaCl, and then distilled and stored 
over metallic sodium. Other extractants and procedures are noted in the sect on 
on experiments and results. 

f ^"tracts generally were evapo- 
rated to dryness in a water bath at 5o°-6o° C. and taken up in i cc of i c per cent 

agar, from which dilution series were prepared. The agar was cast into a block 
volume X20 mm. 3 , which was then cut into twelve blocks of equal volume 10 mm ^ 

2 5 hours and a photographing time of 100 minutes. Each day the plants wer^* 
^.brated with standard agar blocks conUriniog Mo.eacetic ot To 
g. per liter of agar. The results of each test are given in arbitrary units the 
emg taken as that amount of auxin in i cc. of agar which gives the concen- 
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tration that produces curvature of the Avena coleoptile under standard condi- 
tions. All units are calculated on the basis of i gm. of dry weight material (10 gni. 
wet weight) in i cc. of agar, and an average sensitivity of Avena coleoptile of 16^^ 
curvature for 30 7 indoleactic acid per liter of agar. The data are based on tests 
with 10,484 Avena plants. 

Experimental results 

Extractants and extraction procedures 

Dry ether as extractant and solvent. — Three samples, each o.i gm. dry 
weight of gall material (third collection), were treated with 50 cc. of dry peroxide- 
free ether by standing in the ether for 3 days in the icebox at 2^ C. Each sample 
was decanted and filtered. The filtrate of one sample was evaporated to dryness, 
taken up in agar, and assayed. No activity was obtained. The powder was re- 
extracted for 3 days with 50 cc. of dry ether plus i cc. H2O by standing in the ice- 
box. The filtrate was evaporated to dryness, taken up in agar, and assayed. An 
activity of 210 units was obtained. 

The dry ether filtrate of the second sample was evaporated and assayed. The 
extract was inactive. The powder was re-extracted and the filtrate evaporated as 
in the first sample. The residue was dried in an Abderhalden vacuum drier and 
then treated with dry ether which was filtered and evaporated. This residue was 
taken up in agar and assayed, to determine whether tomato auxin is soluble in 
dry ether. The activity was 105 units. To the dry ether filtrate of the third 
sample, 3 cc. of water was added. The water-ether filtrate was evaporated and the 
residue taken up in agar and assayed to determine whether a dry ether extract 
will become auxinically active upon addition of water. No activity was obtained. 

The results of these tests with tomato tissue indicate {a) that after contact with 
thoroughly dry tissues, dry ether does not contain auxin; ( 5 ) that after contact 
with such material, wet ether does contain auxin; (c) that auxin from the hypo- 
cotyl is soluble in dry ether; {d) that presence of active auxin in the wet ether is 
not due to activation by water of a preauxin soluble in dry ether; but {e) that 
water itself in some way plays a role in rendering either active or potential auxin, 
or both, available for extraction by ether. These findings are in harmony with 
those previously reported for Lenina and other plants and for legume nodules and 
roots (31, 16). The results raise the question as to what happens to free auxin, 
that is, to the auxin present in fresh tomato tissue when these tissues are frozen 
and dried in vacuum. Possibly it is destroyed or it may be adsorbed and rendered 
nondiffusible by the freezing or the drying. At present we have no answer to these 
questions. Thimann and Skoog (31) report that drying may either destroy or fix 
auxin, or both, depending upon the auxin source. 

Water as extractant x\nd solvent. — Since the experiments with dry and wet 
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ether indicated that water plays a role in extraction of auxins from tomato 
tissues, a few preliminary experiments were made to test the effectiveness of 
water as extractant and the role of the time factor. In the first experiment o.i gm. 
of dry powder of the gall material (third collection) was treated with 2 cc. of 
water for 24 hours. Equal volumes of the filtrate and of 3 per cent agar were mixed 
and assayed. An activity of 188 units was obtained. 

In a second set of tests, 25 cc. of water was added to o.i gm. of powder of the 
inoculated hypocotyl (third coUection) and set in the icebox at 2° C. for 3 hours. 
After filtration, the filtrate was frozen and evaporated to dryness in the vacuum 
system. The residue was taken up in wet ether, evaporated to dryness, and then 
taken up in i cc. of agar and assayed. An activity of 160 units was obtained. To 
a second o.i-gm. sample of powder, 50 cc. of water was added and the sample set 
in the icebox at 2° C. for 6 days. The filtrate was frozen, dried in vacuum, and 
assayed. An activity of 720 units was obtained. 


In this connection an experiment was run to determine whether ether effective- 
ly rernoves tomato auxin from water. To this end a o.i-gm. sample of the gall 
material (third collection) was shaken for 3 hours at room temperature with 25 cc 
of water and then shaken four times with four volumes of ether. The ether residue 
was filtered, evaporated, and the residue assayed. An activity of 216 units was ob- 
tained compared with 208 units for an identical sample shaken at the same tern- 
perature with 50 cc. of wet ether. 

These results for tomato are in line with those of Avery, Creighton, and 
bHALUCHA (2), who report that water is an effective extractant of auxins of corn 
endosperm, and the report of Thimann and Skoog (31) that ether effectively re- 
moves Lemna auxin from water. ^ 

Wet ether as extractant. Wet ether has been most generally used as 
extractant of auxin and found best for Lemna (31) and for legume nodules and 
roots (16) To test its efficacy as extractant and the role of the time factor, o.i-gm. 
samples of gall material (third collection) were extracted with 500 volumes of wet 
e her freshly distilled over wet FeSO^. In two instances, parallel extractions were 
made by placing one lot of the material on a shaker by the side of the material 
extracting by standing, to test the effect of constant agitation and hence pre- 
sumably of better contact between extractant and powder used in these tests. 

e results (table 2) show that relatively small volumes of wet ether are fully 
as effective extractants as equal volumes of water alone. The results also show 
that a relatively large amount of auxin is extracted in a short time, and that the 
amount increases slowly but significantly with lengthening time periods. The 
Aaken samples showed an increase for the 24-hour but not for the 3-hour lot 
his small increase and the other observations just made indicate that the slow 
beration of auxm is not due primarily to the state of division of the material but 
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was evaporated and assayed and the second was boiled with ether in a reflux sys- 
tem for 24 hours and then evaporated and assayed. An activity of 560 units was 
obtained for each sample, indicating that the auxin fraction from tomato — like 
that of legumes (16) — is stable at the temperature of boiling ether. Thimann and 
Skoog (31) concluded that the auxin is destroyed by continued boiling in ether. 

Another preliminary test was made — using dry ether — to determine whether 
the results obtained from standing in dry ether would apply. Tests were made 
with gall material from each of the four collections, and in each case the results 
were negative. Each sample, o.i gm. dry weight, was Soxhletized for 3 hours with 
dry peroxide-free ether. 

Next, two sets of tests were made with wet ether on o.i-gm. samples of 
material (third collection). The ether was not of the same lot for both sets and 
consequently probably did not contain the same amount of water. In the first set 
three samples were Soxhletized for 6, 12, and 24 hours, respectively, and in the 


to a slow process which goes on in the presence of water. This is in harmony 
with the findings of Thimann and Skoog (31), who report that for Lemna an 
equilibrium probably exists between the water-plant material and the water- 
ether phases. 

Extraction by Soxhletization 

Two series of Soxhlet extractions with wet ether were run to test the effective- 
ness of this method. A preliminary test was made to determine whether the auxin 
fraction extractable from inoculated hypocotyls is affected by the temperature of 
boiling ether. To this end 100 cc. of wet ether was added to 0.2 gm. dry weight 
of the inoculated hypocotyl (third collection) and allowed to stand 3I days at 
2° C. in the icebox. The filtrate was divided into two equal portions. The first 

TABLE 2 

AUXINIC ACTIVITY (iN UNITS) OF WET ETHER EX- 
TRACTS OF O.I-GM. DRY WEIGHT SAMPLES 
OF INOCULATED HYPOCOTYL 
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second set for 3, 6, and 12 hours, respectively; and after the first treatment, the 
6-hoiir sample was extracted for another 6 hours with a new lot of ether and the 
12-hour sample for another 12 hours with a new lot of ether. 

The results are given in table 3, and indicate that Soxhletization with wet ether 
is a more efficient method of extraction of tomato material than standing in wet 
ether or in water, two 12-hour extractions yielding almost as much auxin as 144 
hours of standing in water or in wet ether. Thimann and Skoog (31) report that 
the yields of auxin from Lemna by Soxhletization with ether were lower than 
those obtained by standing in wet ether in the cold. Van Overbeek (32) reports 

TABLE 3 

AUXINIC ACTIVITY (IN UNITS) OF WET ETHER EX- 
TRACTS OBTAINED FROM o.i GM. OF INOCULATED 
HYPOCOTYL BY SOXHLETIZATION 
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that 24-hour Soxhletization of Avena coleoptile removes all auxin, including the 
active and the potential, which latter he considers a measure of the precursor 
present. 

The yields for identical periods of extraction by Soxhletization and by standing 
in water or in wet ether varied considerably from test to test. This may be due to 
several factors, such as different pH, alone or together, with different amounts of 
water in the different ether lots or unequal initial and hence subsequent wetting of 
the lyophile powder. 




Comparative assays of auxin content of noninoculated and 
INOCULATED HYPOCOTYLS 

Assays of four pairs of samples collected 20, 22, 26, and 29 days after 
INOCULATION. — For these assays 2-gm. samples (dry weight) were used. The ma- 
terials collected 14, 20, 26, and 29 days after inoculation were tested in pairs, each 
pair consisting of noninoculated and inoculated hypocotyls for one date of col- 
lection. Freshly prepared peroxide-free ether (1000 cc.) was added to each sample 
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and allowed to stand in the icebox at 2° C. for 7 days. The extractant was de- 
canted and filtered; the filtrate was evaporated to dryness, taken up in agar, and 
assayed. The results are given in table 4. 

For each pair tested the gall extracts gave a markedly higher assay than the 
extracts of the noninoculated hypocotyl, the difference being least for the pair of 
the third collection. The differences are large enough to be significant, the ratios 
ranging from i : 5.4 to 1:15. 

Auxin assay of successive extractions with wet ether. — There are many 
observations to the effect that a single extraction does not remove all auxin from 

TABLE 4 

AUXINIC ACTWITY (in units) of wet ether extracts or NON- 
INOCULATED AND INOCULATED HYPOCOTYLS BY STANDING IN 
REFRIGERATOR IN DARK AT 2° C. FOR 7 DAYS; 2.0 GM. (DRY 
WEIGHT) OF M.\TERIAL AND looo CC. OF ETHER PER SAMPLE 



Date of collection 
(1040) 

Auxinic activity 

Non- 

inoculated 

Inoculated 

1 1/5, 20 days after inoculation 

38 

215 

1 1/7, 22 days after inoculation 

32 

480 

ii/ii, 26 days after inoculation 

80 

440 

11/14, 29 days after inoculation 

40 

430 


plant material (31, 16). The results recorded in the first section of this paper indi- 
cated that this applies also to the crown-gall material. To determine whether this 
applies to the noninoculated hypocotyl as well, and what amounts could be ob- 
tained in successive extractions, inoculated and noninoculated samples of the 
third collection were subjected to repeated extractions, beginning December 5, 
1940. The last test recorded was made on July 24, 1941, after 209 days of extrac- 
tion. Since the extracts were active on the last date of test, the extraction is being 
continued. 

In the tests, 2 gm. each (dry weight) of the noninoculated and of the inocu- 
lated hypocotyl of the third collection (November ii, 1940) were covered each 
with 1000 CC. of freshly distilled peroxide-free ether and allowed to stand in the 
icebox at 2° C. for 7 days, with occasional shaking. The extractant was decanted, 
filtered, evaporated, and assayed (December 18). After the first assay the powders 
were dried and stored in a vacuum desiccator over PjOj until January 3. They 
were then extracted for 24 hours each with 500 cc. ether. The extracts were de- 
canted and tested on January 4 and the materials covered again with ether. 
After 7 days another assay was made (January ii). The procedure was repeated, 
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the periods of extraction varying from 4 to 42 days and the amounts of ether rang- 
ing from 250 to 500 cc. The results are given in table 5. 

Throughout the 209 days of extraction, and on each of the seventeen successive 
extractions, the gall-bearing hypocotyl gave a higher auxin assay than the non- 
inoculated hypocotyls of the same age and cultural conditions. The amount of 
difference varied from extraction to extraction, the greatest contrast being noted 

TABLE 5 

AUXINIC ACTIVITY (iN UNITS) OF EXTRACTS OF NONINOCULATED 
AND INOCULATED HYPOCOTYLS THROUGH SUCCESSIVE EXTRAC- 
TIONS WITH WET ETHER BY STANDING IN REFRIGERATOR IN 
DARK AT 2° C.; 2.0 GM. (dry WEIGHT) USED FOR EACH SAMPLE; 

1000 CC. ETHER USED FOR FIRST EXTRACTION, THEN 500 
OR 250 CC. 



• Auxinic activity 

Treatment and dates of test 

Non- 

inoculated 

Inoculated 

7 days in ether, 12/18/40 

Redried powder kept in desiccator then 

80 

440 

in ether 24 hours, i /4/41 

0 

74 

7 days in ether, 1/11/41 1 

30 

450 

4 days in ether, 1/15/41 1 

26 

120 

7 days in ether, 1/22/41 

30 

80 

7 days in ether, 1/ 29/41 

40 

100 

7 days in ether, 2/5/41 

12 

100 

7 days in ether, 2/12 /41 

26 

76 

6 days in ether, 2/18/41 

14 

32 

8 days in ether, 2/26/41 

14 

61 

7 days in ether, 3/5/41 

16 

48 

7 days in ether, 3/1 2/41 

10 

40 

15 days in ether, 3/28/41 

19 

72 

21 days in ether, 4/1 7/41 

16 i 

44 

22 days in ether, 5/9/41 

II i 

38 

42 days in ether, 6/20/41* 

35 

91 

Total units 

379 

1866 


*In a test on 7/24/41 the noninoculated assayed 20 units and the inoculated 62 
units. 


after the third extraction. During the first three extractions more than half the 
total obtained was extracted from the gall-bearing tissues, while less than one- 
third was extracted from the noninoculated hypocotyl. In this respect the gall 
material behaved like the legume nodule material (i6, 31) and the noninoculated 
hypocotyl like roots of legumes, Lemna, and Avena. The two samples also differed 
as to rate and amount of swelling in water, the noninoculated swe llin g more rapid- 
ly and completely; as to amount of chlorophyll and other pigments liberated, the 
noninoculated yielding more chlorophyll; and as to extent and rate of browning, 
the noninoculated browning only slowly and slightly while the inoculated browned 
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rapidly and extensively, indicating a higher incidence of oxidizing enzymes for 
the latter, as reported by Nagy and Riker (25). The second assay indicates that 
auxin liberation from the noninoculated hypocotyl is affected more deleteriously 
by drying than that of the inoculated. 

Both samples are alike in that 209 days of extraction did not suffice to yield an 
auxin-free extract. In the light of Gustafson’s report (7) that tomato seedlings 
yielded auxin after more than a year’s extraction, these samples are likely to 
yield auxins for a long time. Unfortunately this means that the basis for develop- 
ing a simple quantitative extraction method for this material is not yet at hand, 
because the total auxin content (active plus potential) cannot be determined. 

Short EXTRACTIONS with wet ether.' — In these tests 0.2 gm. (dry weight) 
of the noninoculated and o.i gm. (dry weight) of the inoculated hypocotyl were 
extracted with wet ether by standing for 5, 2.0, and 60 minutes, respectively, at 
'f C. in the refrigerator. The extractants were decanted, filtered, and assayed. 
The noninoculated materials gave yields of o units in 5 and 20 minutes, and of 10 
units in 60 minutes; the inoculated gave yields of 98 units in 5 minutes, 132 units 
in 20 minutes, and 145 units in 60 minutes. 

Water as extractant. — In this test o.i gm. each (dry weight) of the non- 
inoculated and inoculated hypocotyl (third collection) were treated each with 
2CC. of water for 24 hours by standing in the icebox at 2^ C. Equal volumes of the 
filtered extractant were mixed with equal volumes of 3 per cent agar and assayed. 
The noninoculated hypocotyl yielded 38 units; the inoculated, 188. 

Yields obtained by Soxhletization. — ^In the first experiment materials of 
the third collection were used, 0.2 gm. (dry weight) each being extracted for 6 
hours in micro-Soxhlets and another pair for 12 hours. After extraction, the pow- 
der was placed in wet ether (50 cc.) for 7 days at 2° C. The extracts of the two 
series were made on different days with different lots of ether. The results are 
given in table 6. Comparative tests also were made with noninoculated and inocu- 
lated hypocotyls of the first and second collections. In these tests o.s-gm. sam- 
ples were extracted for 3 hours. After this the powders were extracted with wet 
ether for 24 hours at 2^ C. in the icebox. The results are given in table 7. A com- 
parative test was made for materials of the third collection by Soxhletizing it for 
3 hours with dry ether. Neither inoculated nor noninoculated hypocotyls yielded 
an active extract. 

Continuous ether extraction. — For this test, which supplements the 
Soxhlet extractions, o.i gm. each (dry weight) of the noninoculated and inocu- 
lated hypocotyl (third collection) were covered with 15 cc. of water in a continuous 
extractor and extracted for i hour each with ether. The extractants were filtered, 
evaporated, and assayed. The former yielded no measurable amount; the latter, 
90 units. 

These results support those for wet ether extracts to the effect that the extracts 







98 


BOTANICAL GAZETTE 


[SEPTEMBER 


of the inoculated hypocotyl are more active auxinically than are those of the 
noninoculated. Soxhletization proved the best short method for extraction of the 
noninoculated hypocotyl just as it has for the inoculated. 

These observations may mean that the rate of liberation for auxin from the 
precursor (or bound form) is more rapid in case of the gall material, or that there 


TABLE 6 

Auxinic activity (in units) of extracts following Soxh- 
letization AND SUBSEQUENT EXTRACTION WITH WET ETHER 


Treatment 

Non- 

inoculated 

Inoculated 

Soxhletized for 6 hours 

38 

528 

Resoxbletized for 12 hours 

Re-extracted by standing 7 days in wet 

33 

220 

ether 

i8 

S09 

Total 

89 

1257 


TABLE 7 

AUXINIC ACTIVITY (iN UNITS) OF ETHER EXTRACTS AFTER SOXHLETI- 
ZATION AND SUBSEQUENT EXTRACTION WHTH 50 CC. WET ETHER BY 
STANDING IN REFRIGERATOR AT 2° C. FOR 24 HOURS; 0.5 GM. (DRY 
WEIGHT) FOR EACH SAMPLE 


Date of 

COLLEC- 

TION 

Treatment 

Non- 

inoculated 

Inoculated 

7/5/41 

3-hour Soxhletization 

Re-extracted with wet ether for 24 hours 

0 

18 


by standing 

8 

160 

Total. 


8 

178 

7/7/41 

3-hour Soxhletization 

Re-extracted with wet ether for 24 hours 

0 

24 


by standing 

' 28 

240 

Total. 


28 

264 



is more auxin immediately available in the gall, or both. They may even mear 
that the auxins of the noninoculated material differ in solubility, equilibriurr 
relations, methods of liberation, or in their initial sources (precursors) from the 
auxins of the inoculated materials. 

Effect of boiling on subsequent auxin liberation. — The preceding ex- 
periments show that lyophilized tomato materials do not yield auxin to dry ether, 
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even though the auxin is soluble in dry ether, but that wet ether extracts are 
auxinically active. This, together with the fact that fresh tomato material dif- 
fuses auxin into agar and yields auxin when extracted with wet ether, alcohol, or 
chloroform, means that freezing, or drying in vacuum, or both, destroy the active 
(diffusible and extractable) auxin present in fresh material, or that they fix or 
bind it to the treated tissues, as was reported for Lemna (31) and legume nodules 
and roots (16). It has been suggested by these investigators that water plays a 
role in liberating the fixed auxin by hydration. 

The observation that many plant tissues over long periods liberate auxin in 
excess of the diffusible and initially extractable fraction suggests that water also 
plays a hydrolytic role in the process of enzymatic liberation of potential auxins 
from precursors. Skoog and Thimann (28) report that addition of proteolytic 
enzymes to a water suspension of Lemna material greatly accelerated the rate of 
auxin liberation. This suggests that if the enzyme systems, or the precursor in- 
volved, or both, could be destroyed without loss of the free auxin present, a single 
extraction might show the amount initially present. Thimann and Skoog (31) 
performed such experiments by treating Lenina leaves with steam, or by boiling, 
before extraction and found that this procedure did not affect the initial yield but 
stopped prolonged liberation of auxin. Their results indicate that an enzyme sys- 
tem is involved and that continued liberation of auxins is dependent upon bound 
auxin. 

To determine whether these findings apply to noninoculated and inoculated 
hypocotyls of the tomato, some of our material was put to test by heating prior to 
extraction with wet ether. A preliminary test was made to determine the effect 
of boiling water upon the ether extracts of noninoculated and inoculated hypo- 
cotyls. A 0.5-gm. sample (dry weight) of the noninoculated (fourth collection) 
and a o.i-gm. sample (dry weight) of the inoculated hypocotyl (third collection) 
were extracted by standing in wet ether for 3 days. Each extract was filtered and 
divided into two equal parts, one of which was evaporated and assayed while the 
other was evaporated, taken up in 0.5 cc. of water, boiled for 5 minutes, diluted 
with an equal volume of 3 per cent agar, and then assayed. The noninoculated 
material, unboiled, gave an activity of 25 units; the boiled, of 26 units; the inocu- 
lated material, unboiled, gave an activity of 581 units, and boiled, of 582 units— 
indicating that tomato auxin is not destroyed by boiling in water. 

For the test itself a 0.5-gm. sample (dry weight) of the noninoculated and a 
o.i-gm. sample (dry weight) of the inoculated hypocotyl (third collection) were 
placed in Soxhlet thimbles and immersed in 5 cc. of boiling water for 5 minutes, 
with stirring to prevent excessive clumping. The water extracts were shaken four 
times with four volumes of ether and the ether extracts filtered, evaporated, and 
assayed for auxins. The thimbles were dried in a stream of air and then placed in 
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the Soxhlet with wet ether for 24 hours. The extractant was filtered, evaporated, 
and assayed. The material then was given another extraction in the Soxhlet for 
15 hours with wet ether, and a third one by standing in wet ether for 4 days at 
2° C. Next each sample was incubated at 37.5"^ C. for 24 hours with i mg. of 
crystalline chymotrypsin per o.i gm. of material in water and a trace of toluene, 
adjusted to pH 9 with M/2 NaaCO^ (28). After filtration the pH was adjusted to 
4 and the filtrate was extracted by shaking with four volumes of ether. The ether 
extract was evaporated and tested. The results are given in table 8. 

The auxin recovered by the first Soxhletization is taken to be free auxin present 
at the moment the tissues were frozen. The inoculated hypocotyl contains more 
of this than the noninoculated. The absence of auxin in the extract of the second 

TABLE 8 

AUXINIC activity (in units) of noninoculated, 0.5 GM., AND INOCULATED 
HYPOCOTYLS, o.l GM. (DRY WEIGHT), AFTER TREATMENT WITH BOIL- 
ING WATER, WITH CHYMOTRYPSIN, AND WET ETHER 


Boiling water 

EXTRACTION 

5 MINUTES 

Then 2 4-hour 
Soxhletization 

WITH ether 

Then 15-HouR 
Soxhletization 

with ether 

Then j-day extrac- 
tion STANDING IN 

ETHER 

Then 2 4-hour treat- 
ment WITH CHYMO- 

TRYRSIN AND EXTRAC- 
TION WITH ETHER 

Nonin- 

Inocu- 

Nonin- 

Inocu- 

Nonin- 

Inocu- 

Nonin- 

Inocu- 

Nonin- 

Inocu- 

OCULATED 

LATED 

OCULATED 

LATED 

OCULATED 

LATED 

OCULATED 

LATED 

OCULATED 

LATED 

0 

0 

10 

70 

0 

0 

0 

0 

10 

20 


Soxhletization and in the extract by standing in wet ether for 4 days is taken to 
signify that boiling destroyed either the agent by which, or the substance from 
which, potential auxin is liberated, or both. The presence of auxin in the extract 
following treatment with chymotrypsin is interpreted as meaning that boiling 
destroyed the enzyme which liberated auxin rather than the precursor, and that a 
proteolytic enzyme can liberate auxins from the cell constituents of higher plants. 

The low yields of auxin, 10 and 20 units out of a possible 399 and 1858 units, 
respectively, for the noninoculated and inoculated hypocotyls, following digestion 
with chymotrypsin, indicates that (a) either the enzyme or the conditions during 
digestion were not favorable for maximum hydrolysis, or (b) most of the precursor 
had been altered by boiling so that auxin no longer could be liberated, or (c) pro- 
teins are not the only precursors of auxins. The toluene used to inhibit auxin 
formation by bacteria and fungi probably is not responsible for the low yields. 
In tests with agar containing extracts of the noninoculated hypocotyl with and 
without toluene, the former assayed 11.6 and the latter 11.4 units, indicating that 
the small amount of toluene used had affected neither the sensitivity of the coleop- 
tiles nor the activity of the extract. 
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The fact that the amount of free auxin recovered from the inoculated hypocotyl 
is 70 units, while 98, 132, 145, and 720 units are obtained by extraction for , , 

20, 60 minutes, and 7 days, respectively, indicates that the gall at any moment 
contains a relatively large amount of free auxin which is liberated rapidly in 
extraction, but that the formation of auxin from its precursor proceeds slowly and 
at a decreasing rate. 

The noninoculated hypocotyl behaves essentially like the inoculated, but differs 
quantitatively with a free auxin content of 20 units, no measurable liberation of 
auxin in 5 and 20 minutes, and a yield of but 10 units in 60 minutes and of 80 units 
in 7 days. 

Discussion 

The data show that extracts of the gall-bearing hypocotyls give higher free and 
potential auxin assays than the extracts of the normal and healthy hypocotyls. 

This holds for all pairs of samples tested and for all extractants and methods of 
extraction tried. 

These findings are at variance with those reported by Riker, Berch, and 
Duggar (27). A comparative critique of the diametrically opposed data must 
await a further report by these investigators. The differences may be due to 
sampling methods, to nature of the samples, to methods of extraction, or to com- 
binations of these. Extensive collections have been made to determine whether 
the findings reported here hold for other materials collected throughout the grow- 
ing period of the tomato plant, and whether the gall material differs auxinically 
from contiguous tissue of the gall-bearing hypocotyl. 

No diffusion tests have been made in the course of this investigation. Earlier 
ones conducted in this laboratory with old galls were negative, and Locke, Riker, 
and Duggar (17, 18) report no success with diffusion tests on old galls. The basis 
for this failure possibly may lie in the same factor responsible for the observation 
by Thimann and Skoog (31) that while tomato callus grown in tissue culture 
yields auxin upon extraction, it does not liberate any by diffusion. They attribute 
this to disturbance in the polarity relations of the tumor tissues. 

The fact that the gall tissues yield more auxin than the normal is in harmony 
with the findings of Link, Eggers, and Moulton (16) that legume nodules yield 
more auxin than legume roots, and of Moulton (24) that the smut galls of corn 
yield more auxins than comparable healthy tissues. It gives support to the 
hypothesis (12, 14, 33) that gall development, and in particular crown-gall 
development, is characterized by disturbed relations of growth substances (dys- 
auxony), and that disturbed auxin relations (dysauxiny) induced directly or in- 
directly by wounding and by the parasite, through effects upon the host’s metabo- 
lism, are part of the causal complex of crown-gall development. This hypothesis— 
if experimentally substantiated— gives support to the generally accepted corollary 
hypothesis that auxins play some role in the causal complex of normal and of 





102 


BOTANICAL GAZETTE 


[SEPTEMBER 


healthy growth. Any finding that abnormal auxin relations are not causally re- 
lated to abnormal growth relations would seriousl}" — but perhaps not fatally — 
weaken the auxin hypothesis for normal growth. 

No conclusion can yet be drawn as to whether the hyperauxiny of the diseased 
hypocotyl is due (a) solely to auxins formed by the parasite; (b) solely to increased 
local auxin development by the host (with or without auxin increase in distal 
parts) and increased auxin transport to the site of gall production; or (c) to 
combinations of these. The senior writer has inclined from the beginning (14, 15) 
to the hypothesis that in addition to auxones, including auxins furnished by the 
parasite, the host cells — local and distant — also contribute to the hyperauxony of 
the affected organ. Leonian advanced the same view (ii). Evidence for this 
interpretation is supplied by the observations of Locke, Riker, and Duggar 
(17, 18) on the behavior of plant parts remote from the site of gall production. 

The studies of Nagy and Riker (25) on the chemical and physiological con- 
stitution of crown-gall tissue versus contiguous tissues corroborate and expand an 
earlier summary (26) to the effect that the chemical constitution of crown-gall 
tissue differs profoundly from that of healthy tissue, that the metabolism of the 
gall is at a higher level than that of contiguous tissues, and that the gall tissue ap- 
proximates the chemical constitution and behavior of growing points. 

The gall tissue is richer than the contiguous tissues in ash, ether extracts, total 
nitrogen, and simple forms of nitrogen. The polypeptide and protein fraction is 
two to four times greater in the gall than in the normal tissues. Glutathione and 
ascorbic acid are more abundant in the gall tissue; and the activity of oxidizing 
enzymes, catalase, peroxidase, and oxidase is higher. The tyrosinase activity of 
the gall tissue is 20-200 per cent greater than in the normal tissues. Our observa- 
tions on the behavior of the noninoculated and inoculated tissues during extrac- 
tion are in line with the reports regarding oxidizing enzymes. The finding that the 
polypeptide content of the galls is greater than that of the normal tissue is sig- 
nificant in that it is possible that amino acids and proteins are the precursors of 
auxins, and in that bacteria and fungi readily convert tryptophane to indoleacetic 
acid (33). 

Biochemical studies of tumors induced by treatment with idoleacetic acid and 
similar auxins and with other auxones show that these pathic growths have much 
in common with tumors which are incited by parasites and are properly designated 
galls. Following the work of Alexander (i) and Cooper (6) with indoleacetic 
acid and of Stuart and March (30) with indolebutyric acid, which showed that 
the local application of these substances not only mobilizes substances in distant 
parts of the plant but also leads to their transport and accumulation in the 
treated organ, and of Borthwick, Hamner, and Parker (4) which showed 
that proteins increase and nitrates decrease in the zone treated with indole- 
acetic acid and that there are changes in starch content, a series of researches 
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has established these findings in principle and in greater detail. Mitchell 
and Martin (20) showed that in etiolated beans a local and systemic disturb- 
ance of digestion and translocation results upon application of indoleacetic 
acid. Stuart (29) showed that there is abnormal movement of nitrogen and 
of carbohydrates to the site of treatment from distant parts following applica- 
tion of indolaecetic acid, and that there is increase in dry weight and of water, 
sugar, nitrogen, and calcium pectate in the treated zone. Mitchell and Ham- 
NER (21) and Mitchell and Stuart (22) also showed that the effects for indole- 
acetic acid are closely related to the concentration of the material applied. 
Mitchell and Whitehead (23) report that spraying of plants with auxins, 
including indoleacetic acid, is followed by increase in starch digestion. Similar 
results have been found by Kraus and Mitchell (10) and by Mitchell (19) 
for substances such as alpha naphthalene acetamide and naphthaleneacetic 
acid, which are not known to occur in plants. These results and those of Beal 
(3) with excised tissues indicate that local auxin and other auxone disturbances 
not merely mobilize materials in distant parts but also set up gradients or fields in 
movement and accumulation of materials which in some way are part of the causal 
complex of excessive local growth and development. Auxin apparently behaves 
not only as a mobilizer, but even more definitely as an incitant and focalizer of 
transport in the new gradients or fields which it establishes in the affected plant. 

It has been reported (13, 14) that the crude auxin extract of P. tumefaciens, 
which Brown and Gardner (5) also had found to be active, gave the color test 
with ferric chloride, which is produced by indoleacetic acid. What auxin or auxins 
actually enter into the hyperauxiny of crown gall of tomato remains to be de- 
termined. Haagen-Smit, Leech, and Bergen (8) have reported that an auxin 
extract from corn seed contains mainly indoleacetic acid and a small amount of 
pseudo-auxin a. This first report of the isolation of crystalline indoleacetic acid 
from green plant tissues weakens those criticisms in discussions of the crown-gall 
and legume nodule problems (9, 12, 14, 18) based on the fact that indoleacetic 
acid had not been isolated from green plants. 

The questions whether the coleoptile tests measure the net effect of several 
auxins or even of auxins and of auxin inhibitors; whether the coleoptile test detects 
all growth substances (auxones) ; whether the auxin in crown gall is indoleacetic 
acid or indoleacetic acid plus other auxins; and lack of knowledge as to how these 
effects are brought about in the cells — these questions do not affect the fact that 
the coleoptile test reveals a greater content of growth-promoting substances in 
extracts of tomato crown gall than in extracts of the noninoculated hypocotyl. 
The finding at least shows that in one more respect gall tissue differs chemically 
and dynamically from normal healthy tissue of the same plant. These results, 
based on inoculation of an organ by a parasite but without decapitation, supple- 
ment and augment those auxin studies which utilize another line of pathological 
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evidence, that is, chirurgic mutilations in the form of decapitations of plants plus 
chemical infection in the form of applications of plant extracts and synthetic 
chemicals. These pathological techniques and data have to date furnished the 
main experimental basis for the physiological theory of growth substances. 

Before a more successful approach can be made to the main problems still out- 
standing, among them estimation, isolation, and identification of the auxones in- 
volved in crown gall as compared with healthy tissues, and the role of these sub- 
stances in healthy and in pathic growth, it is necessary to devise methods of ex- 
traction which are more quantitative than those available at present. None of the 
methods tried in these tests is satisfactory for determination of total auxins of 
tomato. Soxhletization with wet ether for 24 hours of material previously boiled 
for 5 minutes in water apparently suffices for removal of all free auxin. We have 
some evidence that a high pH of the extractant and of the tomato materials favors 
extraction by water and ether, and that digestion with proteolytic enzymes of 
materials freed from free auxins may provide a method for determination of the 
potential auxin. 


Summary 

1. The. extraction of auxins from hypocotyls of tomato, noninoculated and 
inoculated with the gall-inciting schizomycete Phytomonas tumefaciens, has been 
studied. 

2. Frozen vacuum-dried (lyophilized) tomato material does not yield auxins to 
dry ether. The immediately available or free auxin seems fixed until water lib- 
erates it. 

3. Wet ether gave the best results as extractant, but even after seventeen suc- 
cessive extractions during 209 days, the process of auxin liberation had not reached 
completion. 

4. Material boiled before extraction yields all its free auxin in one extraction 
by Soxhletization with wet ether for 24 hours, whereas non-boiled material con- 
tinues to yield auxin. By combination of these methods the free auxin content may 
be distinguished from the potential or bound auxin. The latter may be a measure 
of auxin precursors, and is obtainable in part by digestion with chymotrypsin in 
the presence of toluene, from material freed from free auxin. 

5. The inoculated hypocotyl yields both more free and more potential auxin 
than the noninoculated. 

6. The significance of the finding that the growth disturbance known as crown 
gall is associated with disturbance in auxin relations (dysauxiny) is discussed 
with reference to the hypothesis that auxins play roles in normal and in healthy 
growth of plants and to the causal complex of gall development. 

University OF Chicago 
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RESPONSES OF TWO SPECIES OF TOMATOES AND THE F. 
GENERATION TO SODIUM SULPHATE IN THE 
NUTRIENT MEDIUM' 

C. B. LYON^ 

Introduction 

It has been recognized for some time that varieties of a given species of plant 
differ in their response to various environments. Inbred strains of corn and their 
Fj generations have been found to vary in growth responses when available soil 
moisture was altered (13), when grown on rich and poor soil types (12), and when 
various fertilizer treatments were used (3). Smith (20), using inbred strains and 
single crosses of corn, found marked differences in growth in relation to the phos- 
phorus and nitrogen content in nutrient solutions. Lyness (15) used sand cultures 
and reported results essentially in agreement with those of Smith. Harvey (9) 
found a differential utilization of ammonium and nitrate nitrogen among inbred 
lines of tomato and corn with their hybrids, and Burkholder and McVeigh (2) 
found that inbred lines of corn and their hybrids differed in their responses to ni- 
trogen supply in sand culture. Definite physiological symptoms of tomato plants 
in relation to high concentrations of Na2S04 have been reported by Eaton (6) and 
H.^.yward and Long (ii), using a commercial strain of the Marglobe variety. 

The experiment here reported was designed to test the effects of high concen- 
trations of sodium sulphate on (a) two species of tomato which are as completely 
homozygous as it is practicable to obtain, and (b) the heterozygous F, generation. 
Records were made of fruit production, anatomy of the stem, and growth responses. 

Material and methods 

The tomato, Lycopersicim esculentum Mill., variety Johannisfeuer, and L. 
pimpinellifolimn (Jusl.) Mill., the Red Currant variety, together with the Ft gen- 
eration, were used. It is an interspecific cross, and the two species differ in many 
plant characters. The parent strains had been inbred under controlled conditions 
of pollination for at least five generations, and inasmuch as Lindstrom (14) has 
found only 1-3 per cent of natural crossing under field conditions, they were con- 
sidered essentially homozygous. Powers (18), Powers and Lyon (19), and Lyon 
(16) have reported the inheritance of some of the quantitative characters. 

Seeds of each of the three lines were planted in flats containing sand on May 18, 

■ Investigation conducted at U.S. Regional Salinity Laboratory, Riverside, California. 

= Assistant Plant Physiologist, U.S. Plant, Soil, and Nutrition Laboratory, Ithaca, New York. 
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1940, and germinated in the greenhouse.-* Individual plants were transplanted on 
May 31 to S-gallon glazed crocks filled with quartz sand containing 0.3 per cent of 
magnetite, which has been found (4) to provide sufficient iron for plant needs. The 
crocks were placed outdoors in large automatically operated nutrient culture tanks 
designed and described by Eaton (4, 5). Eight plants were used in each tank, and 
the equipment provided 4800 liters of nutrient solution for each tank. This solu- 
tion was circulated through the crocks for a period of 2 minutes during each hour 
from 6:00 A.M. to 6:00 P.M., with one additional irrigation at midnight. Each irri- 
gation more than displaced the solution held in the crock. The plants were trained 
upright, and all axillary growth was pruned off twice weekly. 

TABLE 1 

Composition of nutrient solutions 


Treatment 

P.P.M. 

1 


Milliequivalents per liter 



1 B 

Mn 

Ca 

Mg 

' Na 

K 1 

HCO.5 

' S04 

Cl 

NO3 

HaPOq 

Tap water* 

0 . I 


1.8 

0 . 6 

1 . 6 

0.2 1 

2 . 0 

i 0.6 

i 0.6 

i 0 . 1 


a ) Base nutrient 

i ) Base nutrient-l-40 m.e. 

1 .0 

0.2 

6.2 

4.6 

1.6 

3-4 

2.9 

4.6 

3-0 

8.1 

0.6 

Na^SO. 

c) Base nutrient -{-8o m.e. 

1 ,0 

0.2 

6.2 

4.6 

41.6 

3-4 1 

1 2.9 

44.6 1 

30 

8.1 

0.6 

NaaS 04 

d ) Base nutrient-f lao m.e. 

1 .0 

0.2 

6.2 

4.6 

81.6 

3-4 

2.9 

84.6 

3-0 

8.1 i 

0.6 

Na^SO. 

1 .0 

0.2 

6.2 

4.6 

121.6 

3.4 

2.9 

124.6 

3-0 

8.1 

0.6 


* Analyses of tap water kindly supplied by Dr. A. D. Ayers of the Salinity Laboratory. Ionic concentrations remained 
practically constant. 


The nutrient solution was composed of KNO3, MgSO^, KHTO^, H3BO3, 
MnCh, Na2S04, CaCk, and Ca(N03)2. Four solutions were used, consisting of (a) 
control solution which constituted the base nutrient, {b) base nutrient plus 40 
milliequivalents per liter of Na2S04, (c) plus 80 milliequivalents per liter of NaaS04, 
and (d) plus 120 milliequivalents per liter of Na2S04. Analyzed commercial salts 
were dissolved in tap water as used at Riverside, California. Salts were added in 
addition to those present in the water to raise the total concentration of the vari- 
ous ions of the solution to the desired strength (table i). 

To avoid injury of the seedlings immediately after transplanting and to assure 
the ripening and maturation of twenty fruits per plant, all tanks were initially sup- 
plied with base nutrient solution, and Na2S04 was added as required in five equal 
amounts until the desired concentrations were attained. The additions extended 
over a 12-day period, and were made on June 27, July i, 3, 6, and 9, 1940, when the 
plants were 40-52 days old and a few of them were in bloom. Additional water was 

3 The seed was supplied through the courtesy of Dr. LeRoy Powers, Senior Geneticist, U.S. Horti- 
cultural Field Station, Cheyenne, Wyoming. 
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added to the reservoirs twice weekly to replace losses incurred through transpira- 
tion and evaporation. The pH of the nutrient solutions was checked daily with a 
Beckman pH meter and maintained at a pH of 5.5 by additions of HNO3 when 
needed. The HNO3 served the dual purpose of controlling the pH and maintaining 
nitrogen concentrations between 6 and 8 milliequivalents per liter (7) . 

After germination, the experiment was conducted outside, where a hygrother- 
mograph placed near the plants recorded temperature and relative humidity. 
Pyroheliometer readings were obtained from the Citrus Experiment Station at 
Riverside, California, approximately 3 miles from the location of the experimental 
plots. The mean daily temperature from June i to September 15, 1940, was 74?o 
F., with a mean maximum of 92?9 and a mean minimum of 55? i F. Highest tem- 
peratures were noted in July and August, with mean maximums of 96? 7 and g6?o 
F., respectively. During the experiment the mean relative humidity was 68.3 per 
cent at 8:00 a.m. and 38.0 per cent at 12:00 a.m. The average daily total of solar 
radiation during this period was 579.4 gram calories per square centimeter of hori- 
zontal surface, with the highest values between June 15 and July 15. 

The design of the experiment was that of a randomized block (8) with four treat- 
ments and twelve tanks. Three tanks were used for each treatment, with eight 
plants per tank. Eight plants of a strain were grown in each treatment, and the 
three strains were replicated in each tank. The three tanks, as well as the three 
strains of tomatoes within each tank, were randomized by the use of Tippett's 
randomization tables (22) . The design provided for eight replications of each strain 
per treatment, with a total population of ninety-six plants. The data were re- 
duced by means of the analysis of variance, and the t test (21) was used for deter- 
mining whether particular differences were statistically significant. Odds as great 
as — or greater than — 19.1 against the deviations, being due to the errors of ran- 
dom sampling, were accepted as statistically significant. 

Experimentation and results 
Height oe plants 

On August 13 the plants were 87 days old and had been growing on complete 
concentrations of their nutrient solutions for 35 days. At this time differences in 
plant heights were noted and recorded (table 2). There is a mean difference of 
16.8 ± 6.57 cm. demonstrable between parental lines grown on the base nutrient 
solution, and the F, generation was 43.7 ± 6.89 cm. taller than the Johannisfeuer 
parent. Both of these differences are mathematically significant. The Johannis- 
feuer parent produced more growth in height of plant than the Red Currant par- 
ent, while the Fx generation grew more rapidly than either parent. Although the 
magnitude of the differences between the strains, as well as the variability within 
them, are probably accentuated by pruning away all axillary growth, the relative 
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plant heights are in agreement with inherent differences demonstrated by Powers 

(i8). 

The application of increasing concentrations of Na2S04 does not affect the rela- 
tive height of parental lines in comparable treatments or the phenomenon of 
heterosis shown in the Fi generation. In a comparison of treatments a and d, sig- 
nificant mean differences of 17.9 + 4.34 cm., 26.7 + 6.63 cm., and 18.2 + 5.87 
cm. are demonstrable for Johannisfeuer, the Fj generation, and Red Currant, re- 
spectively. Johannisfeuer plants grown in treatment d were 88.3 per cent as high 
as those in treatment a, while F, plants were 86.4 per cent as high, and Red Cur- 
rant plants were 86.7 per cent as high on the basis of a similar comparison. For all 


TABLE 2 * 

Height of plants in centimeters 


Treatment 


Strain 


Johannisfeuer 

Fi generation 

I 

Red CurrvVnt 

a) Base nutrient 

i 53 - 3 ± 3-42 

i97o±S-98 

136.5 + 5-61 

b) Base nutrient-l-40 m.e. 
Na,S04 

152.0 + 2.52 

191.6 + 2 .So 

13S.0 + 3.29 

c) Base nutrient -{-8o m.e. 
Na2S04 

i 42 . 7 ± 3 - 6 s 

172.3 + 2.71 

126.5 + 2.44 

d) Base nutrient+iso m.e. 
Na2S04 

135-4 + 2.67 

170,3 + 2.86 

118.3 + 1.73 


*In any comparison, 14 degrees of freedom are available. When t = 2.145, P = 0.05 
and when t - 2.977, P = o.oi. 


practical purposes, the total growth depression produced by the addition of 120 
milliequivalents of Na2S04 to the base nutrient was the same in all three strains. 
If the concentrations of Na2S04 had been applied earlier in the life of the plant, 
the magnitude of the differences might have been increased (ii). 

Dry weight of plants 

On August 13, three plants of each strain grown in each nutrient concentration 
were selected for further experimentation. The selected plants were those which 
most closely approximated the strain mean for each treatment as regards plant 
height and date of first bloom. These plants were re-randomized and continued on 
their respective treatments. The remaining five plants of each strain in each treat- 
ment were harvested after all fruits, regardless of stage of development, had been 
picked. The root systems of each plant were washed successively through a series 
of mesh screens until separated from all sand particles. The vegetative parts (the 
fruits are not included) were dried at 80° C. and weighed (table 3). 

It is possible to demonstrate in the data, mean differences of 35.2 ± 6.07 gm., 
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954 ± 11.20 gm., and 42.8 ± 7.85 gm. for the vines of Johannisfeuer, Fi genera- 
tion, and Red Currant, respectively, when treatment a is compared with treat- 
ment d. The mean differences are well in excess of twice their standard error and 
are significant. In all strains the dry weight of the vines was less as the concentra- 
tion of Na2S04 in the nutrient solution was increased. When plotted against 
Na2S04 concentrations, the dry weight of the vine closely approximated a linear 
regression in the case of the parental lines, while a comparatively pronounced re- 
duction in dry weight was obtained for treatment c in the Fi generation. The dry 
weight of vines in treatment d was 71, 69, and 56 per cent as great as in treatment a 
for Johannisfeuer, Fi generation, and Red Currant strains, respectively. The effect 


TABLE 3 * 

Analysis of dry weight of plants giving strain means in grams 

TOGETHER WITH THEIR STANDARD ERRORS 


Treatment 

JOH.VNNISFEUER 

_ _ . . _ 

Fi GENERATION 

Red Currant 

Vine 

Root system 

Vine 

Root system 

Vine 

Root system 

a) Base nutrient — 

1 2 1 . 0 ± 4 . 64 

19.4 + 2. 12 

30S . 2 + 7.67 

62.9 + 3.67 

97.8i6. 10 

i8.oi 2 .61 

b) Base nutrient+ 
4om.e. Na2S04. . . 

106.6 + 4.90 

16.5 + 1.22 

276.4+ 7.06 

57.3i2.0i 

83 . 8 i 2 . 60 

18. 7io.63 

c) Base nutrient-f 
80 m.e. Na2S04 . . 

loi .o± 5.77 

15.1+0. 68 

220 .2 + 10.48 

45.7+2.64 

7 I -4 + 3-57 

18.0i0.67 

d) Base nutrient- 1 - 
1 20 m.e. Na2S04 . 

85.8i3.92 

14.9 + 0 . 67 

i 

212.8+ 8.16 

42.2+2,73' 

SSo± 4.94 

18. 7io.66 


* In any comparison, 8 degrees of freedom are available. When / = 2.306, P = 0.05 and when t = 3-355, P = o.oi. 


of a high concentration of Na2S04 is relatively greater on the Red Currant strain 
than it is on the other two in this respect. 

In a similar comparison of root systems (table 3), a mean difference of 4.5 + 2.22 
gm. and 20.7 + 4.57 gm. in dry weight is obtained for Johannisfeuer and the Fi 
generation, respectively, between treatments a and d. Within these two strains, 
correlation coefficients computed between the dry weight of the root system and 
that of the vine were found to be highly significant, (r = 0.73, t = 4.53 for Jo- 
hannisfeuer; r = 0.80, i = 5.66 for the F, generation. Nineteen degrees of free- 
dom are involved in each line.) This means that within the limits of precision ob- 
tainable in this experiment, the root system and vine growth of Johannisfeuer and 
the Fj generation were affected in the same way and to much the same degree by 
increases in Na2S04 concentration. In the case of the Red Currant strain, no sta- 
tistically significant differences in the dry weight of the root system produced were 
demonstrable. This phenomenon will be discussed later. 

The expression of heterosis is clearly demonstrable. The dry weight of the F, 
generation vines is approximately 2.5 times that of the Johannisfeuer strain, which 
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is the heavier of the parents, while root systems are approximately 3.0 times as 
heavy in a similar comparison. The relationship is apparently constant in all 
treatments. This agrees with the observations and data of Powers (18). 


Fruit production 

When the plants were harvested, all fruits — regardless of size or state or matu- 
rity^ — were picked, counted, and weighed (table 4). At that time a few isolated 
fruits of the Fi generation were completely red. Complete color change had not 
occurred on any fruit in parental lines. 

TABLE 4* 


Analysis of fruit production giving strain means 

TOGETHER WITH THEIR STANDARD ERRORS 



Johannisfeuer 

Fr 

GENERATION 

R 

ED CURRA 

,NT 

Treatment 

Fresh 

WEIGHT 

OF 

FRUIT 

(GM.) 

No. 

OF 

FRUITS 

Average 

WEIGHT 

OF 

FRUIT 

(GM.) 

Fresh 

WEIGHT 

OF 

FRUIT 

(GM.) 

No. 

OF 

FRUITS 

Average 

WEIGHT 

OF 

FRUIT 

(GM.) 

Fresh 

WEIGHT 

OF 

FRUIT 

,(GM.) 

No. 

OF 

FRUIT.S 

Average 

WEIGHT 

OF 

FRUIT 

(CM.) 

a) Base nutrient 

567 + 58-7 

30 ± 3 -i 

i 8 . 9 ±o .39 

2&6± 29.3 

I 36 ± 7-9 

2,I±0.i6 

6.9+2.00 

45±I2.2 

0. i6±o.oi6 

h) Base nutrient+40 m.e. 
Na*S 04 

542+63.8 

34 ± 3-9 

17. 1 ±2. 93 

i 74 ± 37-2 

ii3± 12.9 

i.5'±o.i6 

9 . 9 ± 2.30 

6 s±i 5-3 

0.16 + 0.013 

c) Base nutrient +80 m.e. 
Na.S04 

529 ± 79-7 

36+2.7 

I4.8± 1 .49 

144+14-9 

108+ 6.7 

i.3±o.og 

10. 5 ± 1.49 

73 ± 9-4 

0.14+C.008 

d) Basenutrient+120 m.e. 
Na*S04 

342+61.8 

33 ± 4-8 

io.2±o.88 

ICS+17-9 

90+ II .8 

1.2 + 0.08 

10. 2± 2 .66 

81 ± 16.9 

0. I2±0,012 


* In any comparison, 8 degrees of freedom are available. When t = 2.306, P == 0.05 and when t = 3.355, P = 0.01. 


The data for Johannisfeuer and the Fi generation show mean differences in the 
fresh weight of the fruit produced of 225 ± 85.23 gm. and 181 + 34.34 gm., re- 
spectively, when treatments a and d are compared. The differences are well in ex- 
cess of twice their standard error and are significant. No statistically significant 
differences in this respect are demonstrable in the Red Currant strain. By compar- 
ing treatments a and d, the fresh weight of fruits produced by the Johannisfeuer 
are 40 per cent less as a result of the highest concentration of Na2S04 used in the 



experiment. The fruit production of the Fi generation was 63 per cent less in the 
same comparison. At every concentration of Na2S04, greater effects were observed 
on the Fi generation. The most pronounced were observed between treatments 
c and in the Johannisfeuer strain and between treatments a and 6 in the Fi gen- 
eration. In other words, there are indications that differences within as well as be- 
tween strains exist for this character in its response to high Na2S04 concentrations. 

The data for the number of fruits produced by the Fi generation show a mean 
difference of 46 ± 14.2 when treatments d and a are compared. In this strain the 
high concentration of Na2S04 had an inhibiting effect on the number of fruits pro- 
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duced. No statistically significant differences were demonstrable in this respect 
for parental lines. 

By again comparing treatments a and d m respect to the average weight of the 
individual fruit produced, mean differences of 8.7 ± 0.96 gm. for Johannisfeuer 
and 0.9 ± 0.18 gm. for the F, generation are demonstrated. Both differences are 
highly significant. The data for the Johannisfeuer strain suggest that the effects of 
increasing Na^SO^ concentrations on fruit size are at least additive and possibly 
cumulative, while the major effect in the F, generation occurs between treatments 
a and b, where a significant mean difference of 0.6 ± 0.23 gm. is demonstrable. In 
both cases, however, the average weight of the fruit at this stage was less when 
Na S04 concentrations were increased. No statistically significant trends are 
shJwn in the data for the Red Currant strain. Possible interpretations of these 

data will be discussed later. 

Inherent strain differences in the fresh weight of fruits produced at this time 
are apparent, as a mean difference of 560.1 + 58.73 gm- is demonstrable between 
parental lines in treatment a. No mathematically significant differences are found 
in the data between the mean of the F, generation and the arithmetic or geometric 
means computed from the means of parental lines. In treatment a the Johannis- 
feuer and Red Currant strains do not differ significantly in respect to the number of 
fruits set at this time in their life cycle, but the F, generation set approximately 
three times as many fruits as the Red Currant, and_ hybrid vigor is evident. A 
highly significant mean difference of 18.7 ± 0.39 gm. in the average weight of t e 
fruit produced is evident between parental lines. The observed mean of the F, 
generation is significantly lower than the arithmetic mean (9.5 ± 0.20) computed 
from the means of parental lines. 

M.A.TUEE FRUIT CHARACTERISTICS 

The thirty-six plants (three replications, three strains, and four treatments) 
which had previously been selected for further experimentation on the basis of 
their uniformity and close approximation to the strain mean within treatments 
in regard to plant height and date of first bloom-were grown until each plant had 
ripened twenty fruits. Each fruit was picked in the morning of the day that com- 
plete color change had occurred. Under these conditions, if the fruits are unin- 
jured no detectable loss in weight occurs in the first 4 hours after harvest. Within 
this time limit each fruit was weighed in air to the nearest milligram and re- 
weighed when immersed in distilled water. The weight in air is analogous to the 
mass (M) and the loss of weight in water is analogous to the volume ( ) rui 
density (D) was computed by the equation M/V = D, using twenty fruits per 
plant and three plants of each strain in each treatment (table 5). ^ 

A mean difference in fruit density of 0.032 ± 0.0018 is indicated in the data for 
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parental lines in treatment a. The observed mean of the Fi generation is signifi- 
cantly higher than either the arithmetic or geometric mean computed from paren- 
tal strains, and partial dominance of the higher fruit density occurring in Red Cur- 
rant is demonstrable. The relationship between strains is apparently constant in 
all treatments. 

By comparing treatments a and d, mean differences in fruit density of 
0.013 ± 0.0021, 0,013 ± 0.0024, and 0.017 ± 0.0012 for Johannisfeuer, Fj gen- 
eration, and Red Currant, respectively, were found. All differences are mathemati- 
cally significant and the addition of 120 milliequivalents per liter of Na2S04 to the 
base nutrient solution resulted in greater densities of mature fruits in all strains 


TABLE 5 * 

Analysis of fruit density giving strain means 

TOGETHER WITH THEIR STANDARD ERRORS 


TrE.4TMENT 


SXR-AIN 


i 

Johannisfeuer 

Fi GENERATION 

Red Currant 

a ) Base nutrient 

Base nutrient-}-40 

0.996 + 0.0015 1 

1 

I .025 + 0.0019 

I .028±O.OOIO 

m.e. Na2S04 

c ) Base nutrient+So 

1 .003+0.0001 

I .o26±o.ooi8 

1 .038 ±0.001 1 

m.e. Na2S04 

d ) Base nutrient-|-i20 

1.005+0.0023 

1. 032 ±0.0028 

1. 039 ±0.0007 

m.e. Na2S04 

■ 

1. 009 + 0. 0014 

1 .038 ±0.0014 

1 .045 ±0.0007 


*In any comparison, ii8 degrees of freedom are available. When ~ 1.980, P » 0.05 
and when ^ = 2.618, P = 0.01. 


tested. No differences between strains were noted in the percentage increase in 
fruit density as a result of treatment d. When treatments a and b are compared, 
significant mean increases of 0.007 + 0.0015 and 0.010 ± 0.0015 are demonstrable 
for the Johannisfeuer and Red Currant strains, while no statistically significant 
difference is noted in the F, generation. In this experiment the fruits of the F, 
generation were affected less by the addition of 40 milliequivalents per liter of 
Na2S04 to the base nutrient than were the fruits of the parental strains. 

The data were examined in regard to the mean weight of each fruit produced 
by the strains when each fruit is picked immediately after complete color change 
(table 6). In Johannisfeuer and the Fi generation, mathematically significant 
mean differences of 19.0 + 4.72 gm. and 1.6 + 0.44 gm., respectively, are demon- 
strable by comparing treatments a and d. In both strains the weight of each fruit 
is significantly less in treatment c than in a, but the addition of 40 milliequivalents 
of Na3S04 produced no significant effect. There are no significant trends in the 
data for the Red Currant strain. 
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In this experiment, in comparisons made within strains no detectable effect of 
increasing NaaS04 concentration was obtained for the number of days from plant- 
ing to the date when twenty fruits per plant were ripened. The increased salt con- 
centration did not significantly affect either the period in days from first fruit ripe 
to twenty fruits ripe per plant or the period in days from first fruit set to first fruit 
rine oer plant. When it is recalled that the concentration of the nutrient solutions 
was increased by additions of Na^SO^ at or near the date of first bloom no effects 
would be expected, nor were they observed, in number of days froin planting to 
date of first bloom. Within strains, the period from first bloom to first fruit set 
was unaffected by the treatments. In other words, under the conditions of this 

TABLE 6* 

ANALYSIS OF AVERAGE FRESH WEIGHT OF MATURE FRUITS GIVING 



Strain 

Treatment 

Johannisfeuer 

Fi GENERATION 

Red Curr.ant 

a.) Base nutrient 

57.6 + 4-07 

4.1+0.35 

0.84 + 0. 064 

h ) Base iiutrient-t-40 m.e. 
NajSO^ 

52.0 + 3.58 

4.9 + 0.37 

0.75+0.056 

c) Base nutrient-^So m.e. 
Na.S04 

42.1 + 303 

2,8 + 0.33 

0 .80 + 0 .042 

d) Basenutrient+i 2 om.e. 

Na2S04 

38.6+2.39 

2.5+0.26 

0.84 + 0.031 


* In any comparison, ii8 degrees of freedom are available. When i - 1.9S0, P 0,05 
and when t = 2,618, P “ 0.01. 

experiment no detectable effects of increased concentrations on the rate of fruit 

development and maturation were observed. 

The plants were harvested immediately after ripening twenty fruits per plant, 
and the dry weight of vines and root systems in all strains showed the same trends 
as in table 3. The dry weight of vines in all strains was less as the concentration 
of NaaSO, was increased. The dry weight of the root systems produced by e 
Johannisfeuer strain and the F, generation was less as the concentration increased, 
but even at maturity no statistically significant differences in the dry weight of 
root systems in the Red Currant strain were demonstrable. As would be expected, 
the dry weight of the vines was greater in this harvest than in the earlier one, and 
the relative increase in dry weight of the vines was less as the concentrations of 
Na.S04 increased. No statistically significant increase in the dry weight of root 
systems was shown in comparing data of both harvests. The naagnitude 0 re ero- 
sis demonstrable in the dry weight of F, generation plants was less than m the pre- 

vious harvest. 





ii6 


BOTANICAL GAZETTE 


[SEPTEMBER 


Stem anatomy 

When each plant in the experiment was harvested, a section of the stem from 
the internode nearest the midpoint of the plant axis was fixed with Navashin’s 
solution and air was evacuated from the tissues. The material was dehydrated in 
an ethyl-tertiary butyl alcohol series and infiltrated with a paraffin-beeswax-rub- 
ber mixture. Complete cross sections were cut at 15--30 fx and stained with a mod- 
ified Flemming’s triple stain. The material was mounted in balsam. 

The stem sections of the plants which were harvested on August 13, as well as 
those harvested after twenty fruits were produced, had a continuous vascular cyl- 
inder, and comparatively few inner pericyclic fibers were thickened (10) . The sec- 


TABLE 7 * 

Analysis of stem diameters giving strain means in milli- 
meters TOGETHER WITH THEIR STANDARD ERRORS 


Treatment 


Strain 


Johannisfeuer 

Ft GENERATION 

Red Currant 

a) Base nutrient 

15.0 + 0.47 

i4.2io.53 

9.6 + 0.31 

b) Base nutrient -i-40 m.e. 
Na 3 S 04 

i3.3io.41 

1 

i3.lio.34 

9.iio.25 

c) Base nutrient-fSo m.e. 
Na2S04 

11.5io.3S 

12. 4 + 0. 41 

8.2 + 0.23 

d) Base nutrient-l-i2o m.e. 
Na2S04 

1 

10. 7±o.3i 

1 1. 2 ±0.31 

8.2+0.22 


*In any comparison, 4 degrees of freedom are available. When t = 2.776, P = 0.05 
and when t = 4.604, P == o.oi. 


tions were magnified 27.5 diameters and the diameter of each stem measured. 
Four diameters were selected in order to divide the section into eight equal sectors, 
and the mean of the four measurements was used for each stem. The data in 
table 7 pertain to those plants harvested immediately after ripening twenty fruits. 

Mean differences between treatments a and d of 4.3 ± 0.56 mm., 3.0 + 0.61 
mm., and 1.4 ± 0.38 mm. are demonstrable for the diameter of the Johannisfeuer, 
Fi generation, and Red Currant strains, respectively. All differences are of suffi- 
cient magnitude to provide “P” values as small as, or smaller than, 0.05 and are 
statistically significant. In all lines there was less increase in diameter as the con- 
centration of Na2S04 increased. The percentage diameter of the stem as a result 
of the addition of 120 milliequivalents per liter of Na2S04 to the base nutrient 
solution was 71.3 per cent for Johannisfeuer, 78.9 per cent for the Fi generation, 
and 85.4 per cent for Red Currant. The last strain was affected less in this respect 
than was the Johannisfeuer, while the magnitude of the effect on the Fi generation 
was intermediate. 



The data for those plants harvested on August 13, and hence of comparable age 
rather than comparable maturity, were similar in most respects to those just cited 
and are not reported. Similarly, a smaller diameter of the stem was demonstrable 
in all strains as a result of the high Na2S04 concentration. The data differed, how- 
ever, in that the effect of increased salt concentration on the Fi generation was 
greater than it was on parental lines. 

At the increased magnification, the tissue systems were measured to the nearest 
millimeter on eight radii separated from one another by an angle of 45*^. The mean 
of eight radial dimensions for each tissue system was used in the computation of 
an actual area. The actual area was computed using standard formulas, which 
were developed for perfect circles. The data in table 8 pertain to those plants 
harvested after twenty fruits per plant had ripened. The standard errors pro- 
vide an estimation of variability between plants. 

There are no statistically significant differences within a strain in the percentage 
of area of any of the tissue systems. The smaller diameter of the stem when the 
concentration of Na2S04 is increased is a direct result of a correspondingly smaller 
area (and diameter) of each of the constituent tissue systems. For instance, the 
actual area of the xylem in a cross section of the stem of Johannisfeuer was less as 
the concentration in the nutrient solution was increased, but no significant dif- 
ferences were obtained in the percentage of the area of the xylem in the cross sec- 
tion of the stem. 

In the cross section of the stem, a significant mean difference of 19.7 ± 3.71 
per cent is demonstrable in the percentage of actual area covered by the pith be- 
tween parental strains. The Fi generation is intermediate between the parental 
strains in this respect, and differs significantly from both. The amount of cambial 
activity differs between parental lines when the formation of secondary xylem and 
phloem tissues is used as a criterion. A mean difference of 17.7 ± 3.37 per cent is 
shown for the amount of secondary xylem formed, and a mean difference of 
3.8 + 1.09 per cent is demonstrable for the secondary phloem. Both mean differ- 
ences are statistically significant, and in both respects the Fi generation is inter- 
mediate between parental strains. No significant difference is demonstrable in the 
percentage of area covered by the cortex. The cross section of the stem of the 
Johannisfeuer strain has a stele with a comparatively large amount of pith and 
small amounts of vascular tissue, while the stele of Red Currant has comparatively 
large amounts of vascular tissue and a small amount of pith. The stele of the Fi 
generation is intermediate in all respects. The addition of increased concentra- 
tions of Na2S04 to the nutrient solution does not alter inherent differences between 
genotypes in respect to the anatomy of stem sections. 

The stems of the plants harvested when 87 days old showed the same anatomi- 
cal relationships as those harvested after ripening twenty fruits per plant. The 
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magnitude of the differences was less at this date, but the differences were statis- 
tically significant. No effects of treatment were noted in the data. 

Discussion 

The growth depressions produced as a result of growing plants in nutrient solu- 
tions containing high salt concentrations have been pointed out (i, 17). Eaton 
(6) and Hayward and Long (ii) have shown differential ionic effects at isosmotic 
concentrations of the nutrient solution. Unpublished data collected by Eaton 
have indicated an interaction between a given salt concentration and such factors 
of the environment as temperature. It seemed logical that attention should also 
be given to the hereditary qualities of the test plant in addition to the preceding 
considerations. 

Two criteria were used to measure the relative responses of the plants. First, 
at a given age, what is the response of the plant to varied environments with re- 
spect to any character? This method has been widely used in both physiological 
and genetic studies. Second, at comparable ^'physiological maturity,’' what is the 
response of the plants to varied environments in respect to any character? It was 
arbitrarily considered in this paper that plants were at comparable stages of physi- 
ological maturity when each had matured and ripened twenty fruits. The latter 
method has been less extensively used. 

Where statistical significance is not demonstrable in an experiment (as is the 
case in the data for the Red Currant strain) in respect to mean weight of each ripe 
fruit produced, dry weight of the root system, total fresh weight of immature 
fruits, etc., it does not mean that differences do not exist. The use of larger popu- 
lations and more refined methods might demonstrate significant differences in 
these characteristics. It may be assumed, however, that in this experiment Red 
Currant was less affected in these characteristics by high concentrations of 
Na2S04 than were the other two strains. 

The results of this experiment have shown that the presence of high concentra- 
tions of sodium sulphate in the nutrient solution affects the growth of all three 
strains. In many respects, the effects produced by the various concentrations on 
the strains were very similar. For example, the phenomenon of heterosis exhibited 
by the hybrid with respect to growth in height, dry weight production, number and 
weight of fruits, and so on, was exhibited to almost the same degree at every salt 
concentration used. In comparing the effects of increasing the concentration of 
sodium sulphate in the nutrient solution on the individual strains, it may be noted 
that Red Currant was affected less than were the other two with respect to such 
characters as dry weight of root system, fresh weight of all fruits produced, and 
average weight of mature fruit. For these characters the Fj hybrid paralleled the 
Johannisfeuer parent more closely than it did the Red Currant. In all three 
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strains the density of the ripe fruit produced by plants subjected to increasing con- 
centrations of sodium sulphate increased. Just what effect these changes in den- 
sity might have upon the nutrient value of the fruit is not known. The effects of 
presence of sodium sulphate in the solution upon the internal anatomy of the stem I 

of the three strains are very similar. In general there was no indication that the | 

presence of sodium sulphate had a differential effect on any tissue system. In i 

every case, the higher the concentration the smaller was the stem diameter; and in j 

all stems the relative proportions of pith, xylem, phloem, and cortex remained the ! 

same, within the limits of error. | 

Anatomical results are not in entire accord with those of Hayward and Long ^ 

(ii). There are, however, several differences in the methods of experimentation, 
such as : (i) the time at which the plants were subjected to the various concentra- 
tions in Na2S04, (2) ionic concentrations of nutrient solutions used, (3) pH of the 
solutions, (4) environmental factors, and (5) hereditary qualities of the plant. It 
is possible that future work may correlate the differences in the results obtained 
with one or more of these factors. 

The occurrence of saline areas is general throughout western states. In addition, 
comparatively high concentrations of Na2S04 and other salts are prevalent in 
water supplies used for irrigation purposes. To accompany proper soil manage- 
ment practices and more detailed studies of salt antagonism and toxicity effects, 
it may be possible and desirable to select and breed plants for tolerance to saline 
conditions. Such a program should eventually involve not only the production 
of strains with the characteristic of general tolerance to high salt concentrations I 

but the actual selection and breeding of strains for specific concentrations of two 
or more ions. 

Summary 

Tomato plants of the Johannisfeuer strain and the Red Currant strain, together 
with the Fi generation, were submitted to four treatments, providing four concen- 
trations of Na2S04 ranging from 4.6 to 124.6 milliequivalents of sulphate ion per 
liter of nutrient solution. 


1. Plant height was less in all strains as the concentration increased. The 
growth depression resulting from the highest concentration was the same in all 
strains. 

2. The dry weight of vines was less in all strains as the concentration increased. 

3. The dry weight of the root system of the Johannisfeuer strain and the Fj 
generation was less when the concentration was increased. No statistically signifi- 



cant reduction in this respect was obtained for the Red Currant strain. 

4. The total fresh weight of immature fruits produced by plants 87 days old, as 
well as the average weight per fruit, was less in two strains when salt concentration 
was increased. No differences were noted in the Red Currant strain. 
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5. The number of immature fruits produced by each plant of the Fi generation 
was less as the concentration increased. 

6. The density of ripe fruits increased in all strains with increased concentra- 
tion. 

7. The mean weight of each ripe fruit of the Johannisfeuer strain and the Fi 
generation was less with increased concentration. 

8. The diameter of the stem of plants harvested after ripening twenty fruits, as 
well as of plants harvested at an earlier date, was less in all strains with increased, 
concentration. 

9. The smaller stem diameter was caused by an inhibited development of each 
of the component tissue systems. 

10. Inherent differences between strains are discussed for each of these char- 


The writer is indebted to Dr. 0 . C. Magistad and to the staff of the U.S. Re- 
gional Salinity Laboratory for their interest and cooperation during this investi- 
gation. 

U.S. Regional Plant, Soil, and Nutrition Laboratory 
Ithaca, New York 
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SEROLOGICAL STUDIES OF THE ERWINEAE 
I. ERWINIA AMYLOVORA 


R. P. ELROD 

Introduction 

Erwinia amylovora (Burrill) Winslow et al, etiological agent of fire blight, has 
been considered by some to be a well-defined species, yet others have found that 
various isolates often show numerous minor cultural and morphological differ- 
ences. These dissimilarities have never been considered great enough to warrant 
new varieties, although they are often constant and readily distinguish one isolate 
from another (i, ii, 12, 16, 25, 19). 

Serological methods have been employed with only moderate enthusiasm for 
bacterial plant pathogens, but enough work has been done to bring out the fact 
that certain species, such as Phylomonas malvacearum (E.F.S.) Bergey et al.‘ 
(10, 26), P. pisi (Sacket) Bergey et al. (23), and P. tabaci (Wolf and Foster) 
Bergey et al. (21) are apparently serologically homogeneous, while others such as 
P. tumefaciens (E.F.S. and Townsend) Bergey et al. (20) and P. stewarti (E.F.S.) 
Bergey et al. (2, 15) are heterogeneous from an antigenic standpoint. In view of 
the increasing importance attached to the application of serological methods, it 
would be desirable to ascertain whether various isolates of E. amylovora might be 
distinguishable by agglutination, agglutinin-absorption, and also by precipitin 
tests, the last to be performed with carbohydrate materials extracted from the 
bacillary cells. A preliminary report of the present work has already been made 

(s)- 

Material and methods 

The nine cultures' employed were obtained from widely separated localities 
and in the majority of cases from different hosts. The first four have been well 
discussed by Ark (i). His work gives the numerous differences detected in these 
isolates. 

The sources of the nine isolates are as follows; 

SO- — Isolated from a stem canker on Pyracanlha angustifolia at Berkeley, Cali- 
fornia, August, 1929. 

55.— Isolated from a berry of P. angitstijolia at Berkeley, January, 1932. 

SOI. — Isolated from a twig lesion on Crataegus oxyacanlha at Ithaca, New York, 

July, 1931. 

SC. — Isolated from a twig lesion on Pyrus communis in South Carolina, June, 1923. 

' The writer is indebted to Drs. P. A. Akk, E. L. W.'Videe, E. M. Hildebrand, and S. B. Doolittle 
for supplying some of the cultures used. 
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37 - Isolated from apple twig in Wisconsin, 1937. 

84.— Isolated from Crataegus monogyra at Ames, Iowa, 1938. 

03. Isolated from P, communis at Ames, Iowa 1938 

Hii-bebeand, Ithaca, New York. 

37, &3, 84, 8s.-Obtained from Dr. E. L. Waldee at Ames, Iowa. 

Isolates 50 and SC were found by Ark to be only weakly pathogenic- all the 
others were moderately to strongly virulent. It was impossible for th"^^^^ 

observation that cultures oJtUsl 
g msm will remain virulent after many years on stock agar, it can be assumed 
that m this test there were both virulent and avirulent isolates. 

nlar. ! " ^as streaked on nutrient agar, and from each 

plate a wel isolated-smooth colony was picked and transferred to agar slopes con 
aining nutrient agar having an agar concentration of x.3 per cent 

genic value This growth was harvested with sterile saline solution and tL 

““d, M ' • 

Ttdo +-f j ^ sat 50 52 C. and placed overnight in the icebox fc° r 1 

The titer was determined as that tube with the highest dihitln nf ^ u ’ 
manifested clumping determinable by the naked eve Saline d 
controls were used in each experiment. Thetrl f f 

before the beginning of the immunization series. In ircfsTsTontrds 
tive. Tests also were carried out using as an anfit^en th ^ ® 

ployed for the first iniectinn tr,’ w u the primary suspension em- 

tion with the formalinized suspensions. m the degree of floccula- 

to experhnents, care was taken 

hours nutrienraU nlatesf? T '"“‘‘r'' “fter 04 

agar plates (r.3 per cent agar) were streaked heavily with a sterile 
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cotton swab which had been dipped into the broth culture. After 36 hours of in- 
cubation at room temperature, the growth was harvested by washing the organ- 
isms from the plate with sterile saline solution. The growth of three plates was 
combined and spun sharply in an angle centrifuge (3500 r.p.m.). After the cells 
were packed all excess moisture was drained from them. The quantity of packed 
cells was in the neighborhood of 0.25-0.4 ml. Ten ml. of anti-serum (1:20) was 
then added to the cells, the tubes were shaken until there was an even turbidity, 
and then incubated i hour at 37° C. in a waterbath. The suspension was centri- 
fuged and the supernatant liquid decanted to another portion of packed cells. 

TABLE 1 

Cross-agglutination titers of Erwinia amylovora isolates* 

! 

1 j‘\NTI-SERLTM prepared against 


AGGLUTINATED 

50 

SOI 

AM 

55 

S4 

50 5,120 

20 , 480 

0 

to 

0 

20 , 480 

10,240 

SC 2,560 

20 , 480 

5,120 

20 , 480 

40 , 960 

501 5,120 

20,480 

10,240 

10,240 

20 , 480 

55 5,120 

10,240 

20,480 

20 , 480 

20,480 

AM 10,240 

20,480 

10,240 

20 , 480 

20,480 

37 10,240 

10,240 

20,480 

10,240 

20,480 

84 5,120 

10,240 

10,240 

10 , 240 

20 , 480 

83 10,240 

10,240 

5,120 

10,240 

20,480 

85 5.120 

10,240 

10,240 

10 , 240 

10,240 


* Saline and normal serum controls negative. 


Usually it was necessary to repeat the procedure four times. The fourth absorp- 
tion was incubated 2 hours at 37^ C. and then placed overnight in the icebox. 
After centrifuging, the supernatant was diluted to 1:40. Further serial dilutions 
were made as found necessary. 


Experimental results 

Agglutination tests 

Agglutination tests were performed with the five sera, using suspensions of the 
nine isolates as antigens. Table i shows the high degree of antigenic homogeneity. 
The homologous titers ranged from 5,120 to 20,480, and the cross-agglutination 
titers were virtually as high. In some cases the latter dropped one tube below the 
homologous titer, as for example culture SC (2,560) in anti-50 serum (homologous 
titer 5,120), and in some cases they advanced to as great a degree (the homologous 
titer anti-AM serum was 10,240; the heterologous 55 was 20,480). It would be 
impossible, however, to distinguish one isolate from another on the basis of these 
reactions. 
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The type of agglutination was extremely variable. All the isolates proved to be 
peritrichously flagellatej as stained by the method of Leifson (14). This flagella- 
tion was emphasized by the usually typical floccular type of clumping. On oc- 
casion, however, this type of agglutination was less evident and the somatic or 
granular type was predominant. The addition of i per cent formalin to the anti- 
gen tended to stabilize the type of agglutination and usually enhanced the floc- 
cular type. 

That this high degree of cross-agglutination was specific for E. amylovora was 
brought out by cross-agglutination tests performed with four cultures of E, 
tmcheiphila (E.F.S.) Holland (isolates 71A, 72A, 73B, and 75C), one of E. salicis 
(Day) comb. nov. (isolate 80), one of E. lathyri (Manns and Tabenhaus) Magrou 

TABLE 2 

Cross-agglutination titers with unrelated organisms* 


Organism 

AGGLUTINATED 

Anti-serum prepared against 

so 

SOI 

AM 

SS 

84 

71 A. 

<40 

160 

80 

40 

160 

72A 

<40 

< 40 

< 40 

<40 

< 40 

73B 

<40 

< 40 

< 40 

<40 

< 40 

75C 

<40 

160 

160 

40 

80 

80 

<40 

80 1 

< 40 

40 

80 

BL 

<40 

< 40 

< 40 

<40 

< 40 

MY 

<40 

< 40 

< 40 

<40 

< 40 

20 strains soft- 






rot organisms 

<40 

< 40 

< 40 

<40 

< 40 


* Saline and normal serum controls negative. 


(isolate BL), one of E. ananas Serrano (isolate MY), and twenty strains of or- 
ganisms of the soft-rot group. As can be seen in table 2, cross-agglutination oc- 
curred in only a small percentage of the tests. Whether or not the cross-reactions 
of certain strains of E. tracheiphila and E. salicis are only a unilateral relationship 
has not been ascertained. This relationship will be examined in subsequent ex- 
periments. In no case, however, did these titers approach the homologous re- 
actions, and for the most part did not exceed i per cent of the homologous titer. 

Agglutinin-absorption experiments 

The results of the agglutinin-absorption experiments are recorded in table 3. 
All five sera were absorbed with each of the nine isolates, forty-five absorptions in 
all. In each case a complete removal of homologous and heterologous agglutinins 
resulted. It may be assumed, therefore, that at least five of the isolates (50, 501, 
55, AM, and 84) are serologically identical (those for which anti-sera were pre- 
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pared), and that the other four contain at least those fractions common to the 
preceding five. Whether or not they possess other antigenic factors could be 
determined only after preparing anti-sera for them. There is no doubt, however, 
that the nine isolates are closely related, if not serologically identical. 

The experiments were controlled for specificity by absorbing each of the sera 
with an unrelated organism (for example, E. tracheiphila or E. salicis). In no case 
were any agglutinins removed, either homologous or heterologous. 

Precipitust tests 

Since Dochez and Avery (4) discovered substances in pneumococcus filtrates 
which were later shown to be carbohydrate in nature (9), bacterial polysaccharides 
have become an important factor in problems concerned with bacterial classifica- 


TABLE 3 

Absorption experiments 


Anti-serum 

Absorbed by 

Residual ag- 
glutination 

AGAINST ALL 

STRAINS 

SO 

50, 501, 55, AM, SC, 83, 84, 85, 37 

Nil"' 

501 

SOI, so, ss, AM, SC, 83, 84, 8s, 37 

Nil 

55 

55, SOI, 50, AM, SC, 83, 84, 85, 37 

Nil 

AM 

AM, SOI, so, SC, 83, 84, 85, 37, S5 

Nil 

84 

50, SOI, ss, AM, 
and 84 

84, AM, 501, so, SC, 83, 85, 37, S 5 

Nil 

E. tracheiphila or E. salicis 

All to titer 
(table i) 


*Nil = less than 1:40. 


tion. Specific carbohydrates have been isolated from many groups of bacteria. 
Such work with the Salmonella group (7, 8), hemolytic streptococci (13), and 
other forms have been landmarks in the progress of bacteriology. 

In view of the success attained in other groups, it was deemed advisable to as- 
certain whether the isolates of £, amylowra could be distinguished one from an- 
other by means of precipitin tests, using extracted carbohydrate materials as 
antigens. Previous precipitation experiments with phytobacteria have employed 
filtrates of broth cultures. Such an antigen certainly cannot always be considered 
specific but will contain carbohydrates and protein as well as metabolic products. 

The method used for extraction was that of Fuller (6). It was found admir- 
able for the purpose, although it was usually shortened by eliminating the acid- 
alcohol step. The material thus obtained gave a strongly positive Molisch test 
for carbohydrate and a weak or negative Biuret reading for protein. For the pre- 
cipitin tests the material was serially diluted and ring tests employed in the usual 
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manner. The tests were read after i hour of incubation at room temperature. 
The titers were all consistently the same (i : 100,000). 

As shown in table 4, it was impossible to distinguish one isolate from another by 
means of direct precipitin tests. It is possible that absorption experiments with 
carbohydrate material might detect differences. Absorption with whole cells 
resulted in negative results, however, even as had the agglutinin-absorption ex- 
periments. Carbohydrates derived from E. salicis (isolate 80) and E. trachei- 
phila (isolate 75C) were negative in all immune sera. This was likewise true of 
saline controls. The various E. amylovora antigens failed to precipitate in normal 
serum. 


TABLE 4 

Precipitin tests with extracted carbohydrates 


Antigen 

(1-100,000) i 

Anti-serum prepared against 

Normal 

SERUM 

so 

SOI 

AM 

55 

84 

SO 

+ 

+ 

4 - 

4 - 

+ 

_ 

501 

-f 

+ 

-h 

+ 

4 - 

— 

AM 

4 - 

4 - 


4 - 

4 - 

— 

SC 

+ 

+ 

+ 

+ 

4 - 


55 

4 - 

4 - 

4 - 

+ 

4 “ 

— 

83 

+ 

+ 

4 - 

4 * 

+ 

— 

84 ! 

+ 

4 * 

4 - 

4- 


— 

8< 

+ 

i 4 - 

+ 

_j_ 

+ 

— 

37 

4 - 

+ 

4 - 

4 - 

4 - 

— 

E. salicis (i ; 100) 

-- 

— 

— 

— 

— 

— 

E. tracheiphila (i : 100) . 

— 

— 

— 

— 


— 

Saline 




i 




Discussion 

In general, the bacteriologist has had little success in attempting to link source 
of isolation, virulence, physiology, and morphology with definite serological re- 
sults. In the realm of phytobacteriology, Bushnell and Sarles (3) noted that 
cross-inoculation experiments and cross-agglutination experiments with root- 
nodule bacteria could not be correlated. This had been previously found to be 
true by Stevens (24). Likewise, Braun and McNew (2, 15) found that differ- 
ences in serological properties could not be correlated with virulence or colony 
type in Phytomonas stewarii. Sharp (18) concluded that two strains oi Bact. 
flaccumfaciens, although differing in virulence, type of colony produced, and ap- 
pearance on agar slopes, were not distinguishable by agglutination experiments. 
This was also true of Bact. phaseoli (18). 

The results presented in this paper show that serologically E. amylovora is a 
homogeneous species, and that no groups are demonstrable which might be cor- 
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related with source of isolation, morphology, and physiology. In this case, how- 
ever, instead of there being several serological groups in which cultural and mor- 
phological differences overlap, we are dealing with a serologically constant group, 
in which there is wide variance in morphology, physiology, and pathogenicity (i). 

The precipitation experiments reported in this paper were not concerned with 
showing a group relationship, but were an attempt to isolate a specific carbo- 
hydrate. Stapp (22) contends that when a positive precipitation test is obtained 
the identity of the species is confirmed, no matter what the cultural and mor- 
phological characteristics might be. This is in all probability true with E. amy- 
lovora, but offers no advantages over the more easily performed agglutination test. 
Inasmuch as there are no means of differentiating the isolates serologically, one 
from another, it is impossible to conclude whether the carbohydrate material is 
group or type specific in nature. That it could be one or the other is shown by the 
fact that in Salmonella (8), carbohydrate material derived from the bacillary cell 
acts in the same manner as the somatic components, that is, they are group specif- 
ic. In Proteus (17) such carbohydrate material confers type specificity to the 
organism. 

An absolutely serologically homogeneous species of bacteria is not in the least 
common. Numerous well-defined species often segregate themselves into many 
serological groups. Among the bacterial plant pathogens, Phytomonas tumefaciens 
(20), P, stewarti (2, 15), and others act in this manner. It is difficult to understand 
why £. amylowra should show such homogeneity, although it is true that certain 
other phytobacteria show similar serological characteristics (10, 26, 23, 21), but 
not in the striking manner demonstrated by E. amylovora. 

It may be that £. amylowra represents the ultimate in a definite evolutionary 
chain, and that owing to a specialized pathogenic action within a limited host 
range the organism has become uniform. The arguments against such being the 
case are numerous and the idea is presented only as a possibility. For the sup- 
position to obtain credence it would be necessary to demonstrate other links in 
the chain. None is at present known. The fact that my cultures had been carried 
in stock for many years might account in some way for this homogeneity. Per- 
haps isolates taken directly from the field would show some antigenic variation. 
This is only a bare possibility, however, for many organisms closely related sero- 
logically (for example, Salmonella) do not become serologically one after years in 
stock. 

Summary 

1. Nine isolates of Erwinia amylovora, obtained from five different localities 
and from as many different hosts, were compared serologically. 

2. On the basis of agglutination tests and agglutinin-absorption experiments, 
no antigenic difference among any of the nine isolates could be detected. 
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3. Carbohydrate materials extracted from the bacillary cells and used in pre- 
cipitation tests likewise failed to differentiate the organisms. 

4. It is concluded that serologically E. amylovora is an exceedingly homogeneous 
species. 

Department or Bacteriology 
Ohio State University 
Columbus, Ohio 
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HISTOLOGICAL STUDIES ON THE ROOT OF 
MELILOTUS ALBA 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 527 
FRANCES R. BOTTUM 
(with fourteen figures) 

Introduction 

The distribution, soil adaptation, habits, and agricultural value of biennial 
white sweet clover, Melilotus alba Desv., have been extensively investigated, a 
notable survey being that of Lloyd (7). Studies of the relative growth rates of 
roots and tops have been made by Snider and Hein (ii), Willard (15), and 
Martin (9) . Martin has also described the germination and establishment of the 
seedling. The habit of growth of the root system has been investigated by Weaver 
(14). Cooper (i), Guignard (4), Watt (13), and Young (20) have given ac- 
counts of the embryogeny; and the cytology of the meristematic cells of the root 
tip has been investigated by Elders (2). McMurry and Fisk (10) have reviewed 
those points in earlier studies of seedling structure in the Leguminosae by de Can- 
dolle, Van Tieghem, Nageli, Gerard, and Compton which are of significance 
in the study of Melilotus^ and they have described the transition of root to stem 
structure in the seedling. 

The object of this investigation is to supplement these studies with a descrip- 
tion of further details of the root structure, especially of the older roots. 

Material and methods 

The plants used in this study were grown in the field, except very young seed- 
lings for which pots of soil or germination dishes were used. The seed coats were 
softened by treatment with concentrated sulphuric acid, employing the method 
of Love and Leighty (8), except that the time was shortened from 15 to less than 
5 minutes. 

Inoculation of soil with nodule-forming bacteria was insured by mixing the 
seeds, before sown, with fresh soil taken from around the roots of healthy older 
plants growing elsewhere. Plants were collected at convenient intervals through- 
out the period of growth. 

Whole seedlings and short pieces of older roots were killed and fixed in formalin- 
acetic-alcohol or in Navashin’s solution. The methods of clearing seedlings and 
free-hand sections in chloral hydrate or in cedar oil, of maceration, and of imbed- 
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ding in paraffin were used. Xylol was the clearing agent employed, and sections of 
roots were made at 8 or 12 /x. They were stained with Flemming’s triple stain or 
with safranin and fast green. 


Observations 

Primary root of seedling 

In the embryo of the seed, according to Martin (9), the radicle, hypocotyl, 
cotyledons, plumule, and even the crown buds are recognizable. In germination 
of the seed, the primary root on emerging penetrates the soil and forms a slender 
unbranched tap root. The ontogeny of the primary root corresponds to the fourth 
angiospermous type as described by Janczewski (5). Growth is accomplished by 
the activity of a transverse plate of meristem from which the stele, cortex, and 
central cone of tissue of the root cap develop. A lateral meristem, continuous near 
the root tip with the terminal meristem, gives rise by radial and periclinal divisions 
of the cells to the outer portion of the calyptra, and proximally constitutes a dis- 
tinct dermatogen (fig. i). 

The root cap is composed of closely packed cells with conspicuous nuclei and 
relatively dense cytoplasm, except in the outer layers of cells which are separating 
from the cap. The young root immediately proximal to the terminal meristem 
shows a central region of small cells, varying in size, surrounded by one or two 
sheaths of larger cells, many of which are undergoing conspicuous tangential 
division and are densely cytoplasmic. Outside this central core is a peripheral re- 
gion of large cells with deeply staining nuclei and dense cytoplasm, and the sheath 
of dermatogen with a few loosened layers of root-cap cells. There are no clearly de- 
fined plerome and periblem. 

The first discernible differentiation of stelar tissue is the very early appearance 
of three protophloem strands abutting a well-defined uniseriate pericycle (fig. 2). 
These alternate with ridges of a triradiate central mass of larger parenchymatous 
cells, many of which later constitute the primary xylem. The cells of the proto- 
phloem are conspicuous because of their radial arrangement, the thinness of their 
cytoplasm, and the fact that their lateral walls are compressed by the adjacent 
meristematic cells. In longitudinal sections they appear to have elongated while 
adjacent cells continued to divide. The end walls are not tapering and there are 
no sieve plates. They retain their identity until after the protoxylem is differen- 
tiated. At the level of first appearance of the protophloem, the outermost layers 
of cortical cells become spherical, and intercellular spaces appear. The epidermis 
becomes clearly defined by the smaller size, long radial axis, and compactness of 
its cells. 

In the region of most rapid elongation the metaphloem is differentiated, the 
sieve tubes developing conspicuous slime plugs very early. Companion cells ap- 
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pear at the same time but fibers are differentiated slightly later. Root hairs are 
not yet formed in this region but first appear where differentiation is most active. 
They are not confined to a definite zone but persist on all roots until the epidermis 



Figs. — Primary root of seedling; Fig. i, longisection of root tip. Fig. 2 , transection showing 
differentiation of protophloem and pericycle. Fig. 3, same at level of differentiation of protoxylem and 
endodermis. Fig. 4, same at level of completion of primary differentiation and formation of cambium. 

* Symbols in all figures: d, tissue infected with bacteria; ca, cambium; co, cortex; en, endodermis; ep^ epidermis;/, fiber; 
mery meristem; wa:, metaxylem; pel, pericycle; pd, periderm; pk, phloem; pi, pith; pph, protophloem; px, protoxylem; r, ray; 
rc, root cap; tre, temporary root cap; v, vascular strand; xyz^ secondary xylem. 

is lost. Near the level of formation of the youngest root hairs the endodermis and 
protoxylem ridges are differentiated (fig. 3). The former consists of a single layer 
of the innermost cortical cells adjacent to the pericycle and having narrow Caspar- 
ian bands. Each protoxylem ridge consists of one to four adjacent spiral or an- 
nular vessels, the outermost being smaller and next to the pericycle. The primary 
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root is triarch most commonly, but is not infrequently tetrarch, as shown by Mc- 
Murry and Fisk (10) in their figures illustrating the condition of the tap root at 
the close of primary differentiation. 

Whereas the outermost phloem cells differentiate as fibers first, sometimes giv- 
ing the appearance of six bundles of fibers, others may soon form between them 
from parenchymatous cells adjacent to the pericycle, so that the whole phloem 
mass is frequently capped by fibers. Parenchyma, usually one or two layers of 
cells, separates the phloem and xylem. In this the cambium later arises by divi- 
sions tangential to the metaxylem (fig. 4). 

Lignification of the metaxylem elements, which consist of cells with reticulate 
or simple-pitted walls, proceeds centripetally to include most of the central cells of 
the stele, though frequently some of these remain parenchymatous. Occurrence 
of an unusually large central metaxylem vessel is not uncommon. 

Secondary roots 

Before initiation of secondary growth and near the close of primary differentia- 
tion in the young tap root, lateral roots develop. These start growth through the 
periclinal divisions of a single pericyclic cell next to a protoxylem vessel, followed 
by similar divisions of a plate of adjacent pericyclic cells. Two successive peri- 
clinal divisions occur, followed by radial divisions and by stretching and enlarge- 
ment of the overlying endodermal cells (figs. 5-7). As growth by further activity 
of pericyclic cells proceeds, the endodermal cells next to this new tissue likewise 
divide radially and tangentially, forming a temporary root cap at the tip, two or 
three cells in thickness. Most of the temporary cap cells are crushed against the 
cortical cells of the older root, are digested, or^ — after emergence of the root tip — 
are worn off or crushed by the soil. The cortical cells in turn are crushed, digested, 
or torn and pushed aside mechanically by the emerging root (figs. 8, 9). 

The secondary roots develop a vascular system in a manner similar to that of the 
primary root. They are triarch usually, sometimes diarch, with a conspicuous 
endodermis. 

During the third and fourth months, by which time a large amount of secondary 
tissue has developed near the crown of the plant, secondary roots arise in abun- 
dance on older roots and on the hypocotyl. Although the first node above the 
hypocotyl and the bud in the axil of the unifoliate leaf may become buried by soil 
and litter and remain alive during the winter of the first year, no adventitious 
roots were observed to arise above the first node. Adventitious and secondary 
roots, arising late in ontogeny, appear always opposite the primary rays, singly or 
in groups of two or three, emerging often close to the stump of an earlier rootlet 
which has died. The emergence of such roots is especially conspicuous during late 
autumn and winter months. Their formation begins in very early summer, when 
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the diameter of the primary root scarcely exceeds i mm., so that when the crown 
buds of the second year begin active growth, these roots have themselves branched 
and bear root nodules. 



Figs. 5-9. — Development of secondary root: Fig. 5, transection of portion of primary root showing 
initiation of secondary root by division of single pericyclic cell. Fig. 6, same showing division tangentially 
of plate of pericyclic cells and radial division of endodermal cell. Fig. 7, same showing second tangential 
division of pericyclic cells and tangential division of endodermal cells. Fig. 8, longisection of young 
branch root showing crushing and digestion of cells of cortex of primary root and of temporary root 
cap. Fig. 9, transection of primary root showing emergence of secondary root. 

The adventitious roots arise by meristematic activity of the cork cambium and 
underlying pericyclic cells. The first vascular tissue of the young root differenti- 
ates through derivatives of the ray to that of the older root. The outer and more 
distal parts of the adventitious root are derived from the periderm, and its vascu- 
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lar system is later continued by differentiation of cells of its own liistogen. As the 
adventitious root emerges, its base is surrounded by a glistening white mass of 
cells, formed by the cork cambium, which continues as a thin sheath over the root 
tip. The sheath is finally crushed, its cells disintegrating and leaving the young 
root free. 

Subsequent development is not unlike that of other roots. The endodermis is 
more conspicuous than it is in the tap root. The adventitious roots are diarch or 
triarch most commonly, though tetrarch — and rarely pentarch — roots were found. 

Secondary structures 

Cambial activity in the primary root begins when the seedling is 7-8 days old 
(10). During the third and fourth weeks of growth of the seedling and before the 
first trifoliate leaf has appeared, the cambium, at first limited to cells between the 
metaxylem and phloem, comes to involve the cells of the pericycle which are ad- 
jacent to the protoxylem. This starts the development of the primary rays and 
completes the cambium cylinder as secondary growth proceeds. At this stage nu- 
merous secondary roots have appeared and attained lengths of 1-2 mm., root 
nodules have developed, and the tap root is about 3 inches long. Root hairs cover 
the entire root system except the tips distal to the region of differentiation. The 
cork cambium has arisen in the endodermis. 

During the second month several trifoliate leaves appear, and the hypocotyl 
begins to withdraw by contraction underground. The tap root attains a length 
usually exceeding i foot, and rootlets of the third order have appeared. Root hairs 
persist except in the upper part of the tap root where they have been lost with the 
rest of the epidermis after differentiation of the periderm. 

By the end of the fourth month the tap root may have become several feet in 
length. Two or three of the lateral roots have developed into large branches, near- 
ly equaling the tap root in diameter at the level of their divergence and in depth 
reached in the soil. Most of the lateral roots, however, remain short. At this time 
the largest diameter of the tap root about equals that of the hypocotyl and stem. 

Throughout the late spring and summer of the first season a large body of vascu- 
lar tissue develops, parenchyma remaining relatively inconspicuous. Transverse 
sections of the tap root show a compact mass of primary and secondary xylem and 
numerous narrow rays. The primary phloem persists, as yet uncrushed by second- 
ary growth. The periderm is about twelve cells in thickness, and its outer suber- 
ized cells have sufficiently thick walls to show pits distinctly. 

Cells of the vascular cambium are arranged in tiers as shown in longitudinal sec- 
tions. They taper abruptly at the ends and are about 150 ju in length, those of the 
rays being more nearly isodiametric. The zone of meristem between the secondary 
xylem and phloem is three to five cells wide. Like the cambial cells, the sieve tubes 
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and companion cells of the secondary phloem are arranged in tiers, while gliding 
growth is characteristic of cells differentiating as fibers. 

Fibers in the root are confined to the phloem and secondary xylem, not occur- 
ring in the primary xylem, cortex, pericycle, or periderm. Those in the xylem often 
show distinct pits. They vary greatly in length, those measured being 0.6-3 
in length at maturity. 

The earliest formed secondary xylem consists of a few vessels with long slender 
pits and very large diameter, scattered within compact tissue composed mostly of 
fibers or small tracheids, and a few parenchymatous cells grouped mainly around 
the vessels. Many of the parenchymatous cells later develop thick pitted walls dis- 
tinguishing the earlier secondary growth from that occurring later. 

The portion developed after the second month has somewhat less compact 
xylem (figs. 10, ii). Cells of the cambium differentiate as new rays; the primary 
rays widen until they are, by the fourth month, six or more cells in thickness near 
the cambium. There is a tendency for cambium initials to differentiate as fibers 
for some time, and then for a period to differentiate as vessels and tracheids in 
close succession, so that alternating layers of fibers and conducting tissue resemble 
rings of growth. No striking contrast, however, distinguishes the growth of the 
first season from that of the second in most of the root. This is not true in the 
hypocotyl and uppermost part of the tap root. In these, during the winter months, 
more cambium cells remain parenchymatous and the vessels formed are small. In 
winter and early spring of the second season large vessels and numerous tracheids 
are again formed, giving a contrast which serves, for a while at least, to demark 
the two seasons of the vegetative cycle. Jones (6), working with alfalfa, reports 
layers of crushed phloem in addition, indicating successive years’ growth. This 
was not seen in Melilotus, 

During the autumn and first season the most striking feature of secondary 
growth is the development of storage tissue. In this connection it will be necessary 
to consider the hypocotyl. 

Hypocotyl and development of storage tissue 

In their study of the transition region in Melilotus alba, McMurry and Fisk 
(10) describe the change from the typical triarch condition of the primary root to 
diarchy or tetrarchy in the lower hypocotyl and the disappearance of the exarch 
ridge of xylem on the intercotyledonary axis at higher levels, so that there is no 
direct connection with the primary xylem of cotyledonary or plumular traces. 
They mention also the differentiation of a conspicuous pith in the hypocotyl of the 
seedling. 

Secondary growth from a vascular cambium proceeds in the hypocotyl in a 
manner similar to that in the root. Likewise a cork cambium develops in the endo- 
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dermis continuous with that of the upper part of the tap root, and at the same 
time. It forms, however, a conspicuous layer of secondary tissue before loss of the 
primary cortex and epidermis, which occurs after the hypocotyl is completely 
underground. The hypocotyl is thenceforth not easily distinguishable externally 





Figs. 10-12. — Tap root of older plant: Fig. 10, transection of portion of tap root in June of first year 
showing secondary tissues. Fig. ix, same showing primary and secondary structures of central portion 
of stele. Fig. 12, central portion of tap root of second year showing tertiary tissue and separation of 
primary xylem elements by growth of parenchyma cells. 


from the tap root. Internally the arrangement of the primary xylem makes such 
distinction possible until rapid growth of storage tissue involves the central ele- 
ments of the stele. 

In the tap root and hypocotyl, enlargement and radial divisions of cells in the 
pericycle and between the phloem groups become conspicuous in about the fourth 
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month, followed during the summer by general proliferation of the parenchyma, 
there and in the phloem itself. Phloem fibers become separated singly or in groups, 
and follow a sinuous course. During the same months all the rays are widened by 
multiplication and enlargement of their cells, but especially the central portions 
of the primary rays. Parenchyma associated with the metaxylem becomes active, 
the cells enlarge greatly, elongate tangentially, divide transversely, and then en- 
large again. This results in separation of the metaxylem elements and in crushing 



Figs. 13, 14. — Tap root of plants of second year: Fig. 13, transection of central portion showing 
separation of elements of primary wood by growth of parenchyma. Fig. 14, transection of portion of 
dead root showing crushed phloem and thickened walls of parenchyma cells throughout most of area. 

of the protoxylem (figs. 12, 13). The hypocotyl, upper part of the tap root, and 
larger secondary roots thus appear to possess a pith. Parenchymatous cells laid 
down close to the vessels of the secondary xylem, hitherto inconspicuous, enlarge 
and force the vessels and fiber groups apart. The activity of these cells in the cen- 
tral region of the hypocotyl is especially striking. The accumulation of starch in 
the storage tissue during the first season and its decrease during the second season 
have been described by Willard (15). Increase of the storage tissue continues in 
the second season but at a slower rate. A small amount of tertiary thickening may 
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occur in the pith, the cells maturing as fibers when any differentiation occurs 

(fig- 13)- 

What is apparently pith, which develops in the hypocotyl by proliferation of ray 
and xylem parenchyma, is to be distinguished in origin from the pith which first 
appears in the seedling associated with the primary tissues above the divergence 
of the two cotyledonary traces. In the old hypocotyl that pith appearing in the 
seedling is still conspicuous in the region of the cotyledonary node and is continu- 
ous with the pith of the stem rather than with that of the lower part of the hypo- 
cotyl, from which it is separated by a transverse plate of lignified tissue in which 
the parenchyma at the center of the stele becomes thick walled. This lignified tis- 
sue is confined to the cotyledonary node, suggesting that the hypocotyl in its 
structure is more nearly similar to the root than to the stem. It is readily dis- 
tinguishable from the stem late in ontogeny as well as in the seedling. 

Longitudinal sections through the old hypocotyl, at the time of flowering in the 
second season, show the primary vascular tissue and older vessels — and fibers of 
the secondary xylem in the central part of the stele — to be pushed laterally into 
sinuous folds by proliferating parenchyma, whereas the more recently formed ves- 
sels and fibers follow a straight course. This strongly suggests that proliferation 
of the parenchyma may have played an important role in the shortening and burial 
of the hypocotyl long before the cessation of secondary growth. Jones ( 6 ) sug- 
gests this explanation for shortening of the hypocotyl in alfalfa. 


Root nodule 

The literature of the root nodule in the Leguminosae has recently been reviewed 
by Fred, Baldwin, and McCoy (3) and Wilson (16). 

On the primary root of field-grown seedlings of Melilotus subjected only to 
chance infection by root nodule bacteria, nodules appear externally 7 days after 
germination of the seeds. At this age the unifoliate leaf has appeared but has not 
yet expanded. Even earlier than this nodules can be seen within the cortex of 
seedlings which have been cleared in chloral hydrate or in xylol. They become con- 
spicuously enlarged and are more abundant by the tenth day, at which time the 
unifoliate leaf of the seedling is fully expanded. The fact that few nodules are 
formed before the appearance of the first true leaf in Medicago has been noted and 
regarded as significant by Thornton (12). Secondary roots, after the appearance 
of root hairs, may also develop nodules. 

Since divisions of the cells in the very young nodule are in many planes, a 
globular mass of tissue develops before the emergence of the nodule beyond the 
surface of the root. This enlarges and, after emergence, develops a cylindrical 
shape and becomes pink in color. 

Transverse sections of mature nodules show the usual central mass of paren- 
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chymatous cells, most of which contain bacteria. A sheath of cells, containing 
starch in abundance, envelopes the central mass except at its distal end where a 
terminal meristem continually forms additional nodular tissue. The mature nod- 
ule has an outer cortical region of uninfected cells, beneath which — and outside the 
starch sheath — the nodule is traversed by two vascular strands differentiated back 
to the stele of the root opposite one, or occasionally two, of the protoxylem ridges. 

The nodules of Melilotus alba are annual. Before the end of their growth they 
may become branched, the two vascular strands within the nodule likewise being 
branched repeatedly. At the end of the season the most central tissue of the nod- 
ule, containing the bacteria, disintegrate, leaving for a while a soft brown shell of 
cortical and vascular tissues. Eventually this too is lost and the bacteria within 
are returned to the soil. 

A description of the ontogeny of the nodule is not undertaken here. Recent in- 
vestigations of the possible role of growth substances, of metabolic products of the 
bacteria, and of growth-stimulating materials of the soil in the infection of roots 
and in the initiation and development of root nodules in the Leguminosae, and 
speculations in regard to these, have raised new questions and reopened old ones. 
Many of these have been pointed out by Wilson (i6). Likewise cytological stud- 
ies in which the tetraploid nature of the infected cells of the nodule has been de- 
scribed (17, 18, 19) seem to indicate that the whole matter of the ontogeny of the 
root nodule merits reinvestigation. 

Degeneration and death oe root 

The period of flowering extends for about 6 weeks early in the summer of the 
second season. During this time the growth of the tops greatly exceeds that of the 
roots, and the weight of the root is reduced by loss of reserve foods (15). After 
subsequent formation of the last seeds the plant dies, usually in August or Septem- 
ber. The root dies first. 

Before death of the root, signs of degeneration appear. The older phloem is 
crushed by secondary growth, causing collapse of the parenchyma, sieve tubes, 
and some of the fibers. At the same time the interfascicular parenchyma collapses 
so that a sheath of dead tissue is formed beneath the periderm (fig. 14). Activity 
of the cambium ceases, as shown by the maturity of all the tissues most recently 
formed from it, so that the zone of undifferentiated cells between the xylem and 
phloem is narrowed down to a single layer of cells constituting the cambium. A 
marked increase in the number of fibers differentiated in the central part of the 
stele and general thickening of the walls of parenchymatous cells occur throughout 
the Toot, with the exception of the isolated periderm. Slight thickening of the 
walls of the youngest phloem and of the cambium cells takes place, occurring first 
in the rays, beginning near the center of the root, but becoming most marked in 
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the second year’s growth. These changes occur first in the younger roots, progress 
to the older ones, and finally involve the tap root and hypocotyl. 

The earliest indication of death of the tissues is shriveling of the cytoplasm. In 
sections of larger roots made before they seem to be dead, brown or black dis- 
colored areas occur. These mark the bases of dead lateral roots whose phloem 
gives the staining reactions characteristic of necrotic tissue. Through these lateral 
roots saprophytic fungi soon invade the larger roots, attacking the phloem, and 
then — following the rays inward — destroy the pith and finally plug the vessels by 
their growth. The entire life of the biennial plant occupies about 19 months from 
the time of germination of the seed. 

Summary 

1. The ontogeny of the primary root of Melilotus alba is of the fourth angio- 
spermous type of Janczewski, in which there is a general meristem from which 
arises the cortex, stele, and central portion of the root cap. The meristem is ex- 
tended laterally to form the outer parts of the root cap, and at higher levels a 
dermatogen. 

2. Protophloem is the earliest stelar tissue differentiated. 

3. Secondary roots arise by cell divisions in the pericycle opposite the proto- 
xylem ridges. The endodermis forms a temporary root cap, which is ultimately 
crushed or digested, as are also cells of the cortex and epidermis of the primary 
root by the emerging root. The vascular system is developed in a manner similar 
to the primary root. 

4. Lateral roots develop in the periderm and primary rays of old roots and of 
the hypocotyl. Cells of the periderm, by radial and tangential divisions, give 
rise to a temporary sheath over the young root, which is later ruptured. Subse- 
quent development is similar to that of the secondary roots. 

5. Secondary tissues develop from a cork cambium which arises in the endo- 
dermis, and from a vascular cambium which arises in the seedling between the 
xylem and phloem. A small amount of tertiary tissue may develop in the pithlike 
mass of the stele of the tap root late in ontogeny, maturing chiefly as fibers. 

6. Parenchyma throughout most of the older roots, especially in the primary 
rays,, becomes active late in the season, separating by its proliferation groups of 
vessels, fibers, and sieve tubes, crushing the protoxylem, and forming a pithlike 
mass. It serves as storage tissue for a large reserve of starch. 

7. Withdrawal of the hypocotyl underground accompanies proliferation of the 
parenchymatous tissue and increase in the diameter of the hypocotyl and tap root 
late in the first season. 

8. The hypocotyl has a pith above the level of divergence of cotyledonary 
traces continuous with that of the stem and present in the seedling. Late in on- 
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togeny it develops also a pithlike mass by proliferation of parenchyma in central 
parts of the stele, which is continuous with that of the root and homologous with 
it. 

9. The root nodule originates in young roots near the close of primary differen- 
tiation. Two vascular strands are differentiated which are connected with the stele 
of the root opposite the nearest protoxylem ridges. An apical meristem adds cells 
to a central mass of infected and starch-bearing tissues and to a cortex which in- 
vests the entire nodule. 

10. Root nodules are annual. New ones develop in succession on young roots. 

11. Secondary growth continues in the second year through the period of flow- 
ering, but at a slower rate. Degeneration occurs after seeds are formed. The older 
phloem is crushed, the periderm becomes isolated by a layer of dead tissue be- 
neath, most parenchymatous tissue throughout the root develops thick walls, and 
the cambium ceases to form new tissue. Increase of fibers in the center of the stele 
is marked. 

12. The roots die before the tops; small roots die before the large ones. The 
tissues finally become disintegrated by the action of saprophytic fungi. Nineteen 
months is the length of life of the plant from the time of germination of the seed. 

George Peabody College for Teachers 
Nashville, Tennessee 
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EFFECT OF LENGTH OF INDUCTION PERIOD ON FLORAL 
DEVELOPMENT OF XANTHIUM PENNSYLVANICUM 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 628 
FRANCES LLOYD NAYLOR 
( with fourteen figures) 

Introduction 

Xanthium pennsyhanicim has been classified as a short-day plant. It tends to 
produce only vegetative growth on 24-hoiir cycles consisting of more than 16 hours 
of light and less than 8 hours of darkness and tends to flower when the photo- 
periods are shorter than 15I hours with accompanying dark periods of more than 
8| hours. If exposed to a few cyclic alternations of light and darkness favorable 
for flowering, a plant may subsequently flower even though transferred to cycles 
which with continuous treatment would tend to result in purely vegetative ac- 
tivity. Hamner (3) has termed these cyclic alternations of light and darkness 
which tend to induce flowering ^^photoinductive cycles.’^ With Xanthium the so- 
called short day would constitute a photoinductive cycle; but, as he has shown, 
other cycles may induce floral initiation even though such cycles could not proper- 
ly be considered under the term short day. In Xanthium a photoinductive cycle 
contains a specific minimum photoperiod of definite minimum intensity followed 
by a continuous dark period of more than 9 hours (3) . 

Neidle (5) and Hamner (3) have found that the rate and nature of the develop- 
ment of the inflorescences of Xanthium are affected by the environmental condi- 
tions subsequent to the induction period. The former studied the effects of nitro- 
gen supply and the latter primarily the effects of various conditions of light during 
the postinductive period. 

It has been shown (4) in Xanthium that one photoinductive cycle may result in 
subsequent initiation of floral primordia. Under such conditions the rate of devel- 
opment of these primordia into mature flowers and fruits may be very slow. Since 
treatment with more than one photoinductive cycle seems to affect the rate of 
floral development, and since it has been shown with Biloxi soybean (i) also that 
the rate of floral development and the number of flowers initiated are affected by 
the number of photoinductive cycles to which the plants are exposed, an anatomi- 
cal study of the floral development in plants which had been exposed to various 
numbers of photoinductive cycles was made. 
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Procedure 

The experiments reported here were conducted in the summer of 1939. 
Xanthium plants were planted on August i in sandy garden soil in clay pots and 
grown in the greenhouse. During the first 25 days all plants were grown under 
conditions of long photoperiod, being exposed to supplementary illumination from 
dusk until midnight. This illumination was obtained from 200-watt Mazda fila- 
ment lamps and supplied about 80 foot candles at the surface of the leaves. Sub- 
sequent to the twenty-fifth day the plants were exposed to the various experimen- 
tal treatments. In these treatments continuous illumination was obtained by 
burning the lamps from dusk until sunrise. Photoinductive cycles (short photo- 
periods) were produced by placing the plants on trucks and moving them into dark 
compartments at 4:00 p.m., where they remained until 8:00 a.m. the following 
morning. From then until 4:00 p.m. the trucks stood in the lighted greenhouse. 

On the twenty-fifth day the terminal buds of some of the plants were removed 
and preserved for subsequent examination. All such buds proved to be strictly 
vegetative, and the assumption is made that all comparable plants were vegetative 
at this time. As a further check, certain of the plants were continued for 4 more 
days under long-photoperiod conditions on the greenhouse bench, and samples 
were preserved and examined histologically. These were also strictly vegetative. 
The remaining plants were started on the various experim.ental treatments after 
the twenty-fifth day (August 25). One lot of 320 plants was exposed continuously 
to photoinductive cycles, and terminal buds of ten plants were collected each day 
Jor 32 days and preserved for histological examination. These plants of lot i were 
used as a basis of comparison. The second lot, containing 50 plants, was trans- 
ferred to continuous illumination; the third lot of 100 plants was exposed to one 
photoinductive cycle; a fourth lot of 100 plants, to four photoinductive cycles; and 
a fifth lot of 100 plants, to eight photoinductive cycles. Lots 3---5, inclusive, were 
placed under continuous illumination subsequent to their photoinductive treat- 
ment. The terminal nodes of ten plants of each of lots 2,3,4, and 5 were collected 
at weekly intervals for 10 weeks and preserved for histological examination, the 
first collection being made September 2. 

The specimens were preserved in formalin-acetic-alcohol and handled according 
to the butyl-alcohol paraffin method. Serial longitudinal and transverse sections 
were cut at 15 /x and stained with safranin, gentian violet, and orange G. 

Observations 
Control plants 

The terminal buds of the plants collected on August 25 were strictly vegetative, 
as were those from the same bench collected on August 29. The plants of lot 2, 
which were transferred on August 25 to continuous illumination, were all typically 
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vegetative at each sampling (fig. i). From these results it is assumed that all 
plants were vegetative on August 25, and that plants of groups 3, 4, and 5 which 
developed floral primordia and flowers while growing in continuous illumination 
did so because of previous photoinductive treatment. 

Continuous photoinductive treatment (lot i) 

The terminal buds of plants collected on the first and second days after the be- 
ginning of photoinductive treatments showed no noticeable change from the vege- 
tative condition, but on the third day the terminal growing point was broad, 
smooth, somewhat elevated, and hemispherical (fig. 2). This was the primordium 
of the terminal staminate inflorescence. By the fourth day the primordia of the 
involucral bracts appeared at the base of the terminal staminate inflorescence. In 
the axils of the young leaves, just below the staminate inflorescence, there ap- 
peared the primordia of the carpellate inflorescences (fig. 3). By the fifth day the 
first flower primordia of the staminate inflorescence were noticeable and the 
carpellate inflorescence primordia had enlarged to about 0.15 mm. (fig. 4). From 
this point on the development of the staminate and carpellate inflorescences is 
described separately. 

Staminate inflorescence. — The flower primordia and the primordia of the 
floral bracts developed in spiral acropetalous succession in the staminate in- 
florescence and were numerous by the sixth day (fig. 5). The primordia of the 
central flowers had flattened out and the primordia of the marginal flowers had not 
only flattened but the initials of the corolla were present at their margins. By the 
seventh (fig. 6) and eighth days (fig. 7) the inflorescence was about 1.3 mm. in 
diameter, and the slender peduncle by which the terminal staminate inflorescence 
is raised above the carpellate inflorescences had elongated, its length being about 
equal to the diameter of the staminate inflorescence. The primordia of the corolla 
were present in the central flowers, and in the marginal flowers the corolla pri- 
mordia and also the stamen primordia were present, the latter arising adaxial to 
the corolla. Each flower was in the axil of a bract. 

At this time one or two small staminate inflorescences (about 0.26 mm. in 
diam.eter) were noted within the terminal staminate inflorescence, each small one 
appearing in the axil of an involucral bract of the terminal inflorescence. Flower 
and floral bract primordia were present in the small infloresences. 

On the ninth day (fig. 10) the terminal staminate inflorescence was 1.8 mm. in 
diameter. Each flower had a marginal sympetalous corolla, a column composed of 
five or six undiverged stamens, and the primordia of two undiverged carpels in the 
center. In some flowers a cleft had appeared at the apex of the carpel primordia. 
The calyx was absent. By the thirteenth day (fig. 12) each stamen was differenti- 
ated into filament and anther. Pollen was shed about the eighteenth day after the 
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beginning of induction. The rudimentary pistil of each staminate flower consisted 
of a style with a bifid stigma. The period during which pollen was shed extended 
beyond the time of shedding from the terminal inflorescence, since the flowers of 



Figs. I“I4. — Terminal region of represented in each figure. Fig. 1, vegetative plant. Fig. 2, 

third-day stage of plant which had received continuous photoinductive treatment (lot i). Fig. 3, fourth 
day of same. Fig. 4, fifth day. Fig. 5, sixth day. Fig. 6, seventh day. Fig. 7, eighth day. Fig. 8, eighth- 
day stage of plant which had received one photoinductive cycle followed by continuous illumination 
(lot 3). Fig. 9, eighth-day stage of plant which had received four photoinductive cycles. Fig. 10, ninth- 
day stage of lot I. Fig. ii, eleventh-day stage of lot i. Fig. 12, thirteenth day of same. Fig. 13, thirty- 
sixth-day stage of lot 3. Fig. 14, sixty-fourth-day stage of lot 3. (car, carpel; c/a, corolla; c/z, carpellate 
inflorescence;/, floral bracts;/^, flower primordium; involucral bract; /, leaf; Ip, leaf primordium; mmc, 
microspore mother cell; 0, ovule; /o, pollen; s, spine; sta, stamens; sti, stigma; sth, staminate inflores- 
cence; perianth; style.) 

the small inflorescences in the axils of the involucral bracts developed more slowly 
than did the flowers of the terminal inflorescence itself. 

Carpellate inflorescence.— T he primordia of the involucral bracts were 
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present at the base of the primordium of the topmost carpellate inflorescence by 
the sixth day (fig. s). By the seventh day the inflorescence was 0.6 mm. in diame- 
ter and many protuberances had appeared on the surface. The lower ones, about 
fifteen in all, were the primordia of the involucral bracts; the upper ones were the 
primordia of the spines. The receptacle of the carpellate inflorescence was flat- 
tened at the apex (fig. 6). The margins of the receptacle, and the tissue at the 
exact center between the margins, became slightly elevated. Continued growth of 
these regions resulted in the formation of two depressions, which became wide at 
the bottom and narrow above. On one side the margin grew more rapidly and thus 
one depression became deeper than the other. 

By the eighth day flower primordia appeared simultaneously in the bottom of 
each depression. The flower in the lower depression developed somewhat more 
rapidly and became larger than the other. The central tissue, which was a parti- 
tion between the two depressions, developed a cleft in its upper surface (fig. 7). 
By the ninth day (fig. 10) the primordium of the perianth was evident at the mar- 
gin of each flower primordium. By the eleventh day the two carpels had appeared 
in the center of the flower (fig. ii). The upward growth of the carpels formed the 
single cavity of the ovary. The carpels grew much more rapidly than did the 
perianth, and by the thirteenth day (fig. 12) the perianth appeared as a small 
flange on the outer margin of the carpels. The carpels continued elongation and 
formed a long style and a bifid stigma. About the twelfth day an ovule began 
developing in each ovary. 

All flower parts were present by the thirteenth day, and further development 
consisted of increase in length and breadth. The megagame tophyte was mature by 
the seventeenth day. The margin and central tissue of the receptacle grew far 
above the flowers. One part of the central tissue, with half the margin, formed the 
beak above one flower. The other half of the central tissue and the other half of 
the margin formed the beak above the second flower. 

The carpellate inflorescences in the axils of the third and fourth leaves below the 
terminal staminate inflorescence developed more rapidly and became larger than 
did the uppermost carpellate inflorescences. For example, on the eighth day the 
flower primordia were present in the depressions of the uppermost inflorescences, 
but in the lower inflorescences the perianth and carpel primordia were already dif- 
ferentiated. At the end of a month the seed of the uppermost bur was about 3.5 
mm. long and the embryo about 1.5 mm. long. The lower bur contained a seed 
6.5 mm. long and an embryo 2.5 mm. long. 

Farr (2) has stated that the bur is a modified capitulum and that it differs from 
the typical capitulum of the Compositae only in having two depressions in the 
receptacle. He believes that the spines are specialized bracts and the beaks are 
portions of the receptacle. 
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Various inductive treatments (lots 3-5) 

I. One photoinductive cycle, — The inflorescences and flowers of these plants 
were greatly delayed in development as compared with those which received con- 
tinuous photoinductive treatment (lot i). By the eighth day (fig. 8) after induc- 
tion the staminate inflorescence showed the primordia of the flowers and leaf 
bracts, but no flower parts had differentiated. The primordia of the involucral 
bracts of the inflorescences in the axils of the young leaves were just visible. This 
stage was shown on the fifth day by the plants of lot i. By the fifteenth day the 
marginal flower primordia of the terminal staminate inflorescence showed flat- 
tened apices. The floral bracts were clearly distinguishable from the flower pri- 
mordia, a stage comparable with that of the plants of lot i on the sixth day. The 
axillary inflorescences showed little advance in development, the inflorescences 
being somewhat cone-shaped, the involucral bracts differentiated, but the type of 
inflorescence not yet distinguishable. 

By the twenty-second day the marginal flowers of the terminal staminate in- 
florescence had developed the primordium of the corolla and a few of the central 
flowers had flattened apices, a stage comparable with the plants of lot i on the 
seventh day. The axillary inflorescences showed no change in development. By 
the twenty-ninth day the marginal flowers of the terminal staminate inflores- 
cence resembled those of lot i on the eighth day, having the corolla, sta- 
men, and carpel primordia established; but the most central flowers were just 
beginning to show corolla primordia. There was a greater difference in the size and 
stage of development between the outer and inner flowers of this inflorescence 
than in those of lot i. This difference became increasingly marked as the plants 
grew older. The peduncle by which the terminal staminate inflorescence is raised 
above the topmost leaves was longer than in the plants of lot i. 

In the terminal staminate inflorescence there were one or two axes, each appear- 
ing in the axil of an involucral bract of the terminal staminate inflorescence. Each 
axis was composed of one small terminal and two small lateral staminate inflores- 
cences, rather than of a single staminate inflorescence as in lot i. These small 
inflorescences had flower primordia and bracts but no flower parts differentiated. 
Unlike the small staminate inflorescences of lot i, these were elongated. The inter- 
nodes of each small inflorescence had continued longitudinal growth and the indi- 
vidual flowers developed one above the other on the axis in the axils of the floral 
bracts. By the thirty-sLxth day the small staminate inflorescences had increased 
in size, and by the forty-third day the floral bracts were very long. It seems prob- 
able that these floral bracts may become the leafy organs often noted on staminate 
inflorescences of Xanthkm plants which have received a few induction periods and 
then been grown on long photoperiod for several months (5) . 

An individual carpellate inflorescence or an axis consisting of three carpellate 
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inflorescences usually appeared in the axils of the first, second, third, and fourth 
leaves below the terminal staminate inflorescence in the plants of lot i . In some of 
the plants which received only one photoinductive cycle (lot 3) a lateral axis con- 
sisting of three small staminate inflorescences appeared in the axil of the topmost 
leaf. These inflorescences were elongated rather than round. In the terminal in- 
florescence of this lateral axis flower primordia and floral bracts were present. In 
the axils of other upper leaves there were carpellate inflorescences. In the axils of 
leaves below these the primordia were so slightly developed that their type could 
not be determined. 

By the thirty-sixth day all the flower parts had formed in the marginal flowers 
in the terminal staminate inflorescence, the largest staminate inflorescence of the 
plant. The central flowers, however, were still in the primordial stage (fig. 13). 
By the sixty-fourth day nearly all the central flowers of the terminal staminate in- 
florescence had formed corolla and stamen primordia (fig. 14). Carpellate inflores- 
cences in which the depressions were beginning to form were found in the axils of 
some of the upper leaves of the plant. The inflorescences did not develop further 
before the end of the experimental period. 

2 . F OUR PHOTOINDUCTIVE CYCLES. — These plants had received four photoinduc- 
tive cycles (four short photoperiods) and 4 days of continuous illumination when 
the first samples were taken at the end of the eighth day (fig. 9). In the terminal 
staminate inflorescence the individual flowers were nearly as well developed as 
were those of lot i. The one or two small staminate inflorescences which appeared 
in the axils of involucral bracts of the terminal staminate inflorescence were about 
three times as large as those on the plants of lot i, being about 0.8 mm. in diame- 
ter. Their flower and bract primordia could be distinguished, but no flower parts 
had been differentiated. The staminate inflorescences were round, not elongated 
like the small ones on the plants which had received one cycle of induction. Subse- 
quent development was somewhat delayed, a stage comparable with that of lot i 
on the eleventh day being reached by the fifteenth day. The first pollen was shed 
about 3 weeks after the shedding by plants of lot i. The megagametophytes were 
mature by the thirty-sixth day. The inflorescences in the axils of the involucral 
bracts formed their flower parts later than did the terminal inflorescence itself. 

3. Eight photoinductive cycles.— At the time of the first collection of lot 5, 
8 days after the beginning of the photoinductive treatments, these plants had not 
yet been moved to continuous illumination. They were in the same stage of de- 
velopment as were the plants of lot 1 on the eighth day. Samples from later collec- 
tions, taken after these plants had been moved to continuous illumination, showed 
that development (as compared with lot i) was only slightly delayed. By the 
twenty-second day the megagametophytes were mature. Pollen was shed about 5 
days after the shedding by the plants of lot i . 

The number of staminate and carpellate inflorescences in the upper five nodes of 
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plants which had received one, four, and eight photoinductive cycles was com- 
pared with the number on the plants under continuous photoinductive treatment 
(lot i). Stages from each group, comparable with the thirteenth day of the latter 
(the eighty-fourth-day stage of the plants induced one day, etc.), were selected 
because at this stage the character of the inflorescences could best be determined. 

On the plants of lot i there were present a terminal staminate inflorescence and 
also two small staminate inflorescences, each in the axil of an involucral bract of 
the terminal inflorescence. The inflorescences in the axils of the four topmost 
leaves were carpellate. In some plants the axis in the axil of the fifth leaf below the 
terminal staminate inflorescence bore lateral carpellate inflorescences and ter- 
minated in a staminate inflorescence. There were three or four staminate and 
twelve or thirteen carpellate inflorescences per plant at the upper five nodes. 

On the plants which received one photoinductive cycle the main axis terminated 
in a staminate inflorescence. Two lateral axes, each in the axil of an involucral 
bract of the terminal inflorescence, were each composed of three small staminate 
inflorescences. In the axil of the topmost leaf of some plants there were three 
staminate inflorescences; those in the axils of two other upper leaves were carpel- 
late. In many plants the axes in the axils of the fourth and fifth leaves below the 
terminal staminate inflorescence were so slightly differentiated that it was impos- 
sible to tell whether they were vegetative or floral. There were about ten stami- 
nate and six carpellate inflorescences in the upper five nodes. 

The plants which received four photoinductive cycles and the ones which re- 
ceived eight had about the same number of staminate and carpellate inflorescences 
as had the plants which received continuous photoinductive cycles (lot i). 

Summary 

1 . Histological examinations were made of the developing carpellate and stami- 
nate inflorescences of Xanthium pennsyhanicum. The plants were exposed after 
the twenty-fifth day of vegetative growth to (a) continuous photoinductive cycles, 
(b) one photoinductive cycle, (c) four photoinductive cycles, {d) eight photoindiic- 
tive cycles. The study included those inflorescences which developed from the 
terminal bud and the buds in the axils of the five uppermost leaves. 

2. Development of both carpellate and staminate inflorescences in the plants 
exposed continuously to photoinductive cycles was more rapid than that in any 
other group. All flower parts were present by the thirteenth day, and at the end of 
the month the seeds were almost mature. 

3. Development of inflorescences in the plants which received only one photo- 
inductive cycle was much slower than that of plants which received continuous 
photoinductive treatment. The flower parts of the former did not appear in all the 
flowers of the terminal staminate inflorescence until the sixty-fourth day after 
induction, rather than by the thirteenth day as in the latter. The former also dif- 
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fered from the latter in that there was a greater difference in the size and stage of 
development between the outer and inner flowers of the inflorescence. 

4. The terminal staminate inflorescence of the plants receiving one photoinduc- 
tive cycle, as well as of the plants exposed continuously to photoinductive treat- 
ment, contained one or two axes, each appearing in the axil of an involucral bract 
of the terminal inflorescence. Each axis of the former was composed of three stam- 
inate inflorescences, rather than of a single one as in the latter. The small stami- 
nate inflorescences of the former were much more elongated than those of the lat- 
ter. 

5. In the axil of the uppermost leaf a lateral axis consisting of three staminate 

inflorescences appeared in some of the plants exposed to one photoinductive cycle, ^ 

while in those exposed continuously to photoinductive treatment an individual 
carpellate inflorescence or an axis consisting of three usually occupied this posi- 
tion. The staminate inflorescences of the former were elongated rather than round. 

6. In the plants exposed to one photoinductive cycle there developed approxi- 
mately ten staminate and six carpellate inflorescences, while in the plants exposed 
continuously to photoinductive cycles there was an average of about four stami- 
nate and twelve or thirteen carpellate inflorescences per plant. Thus, increasing 
the number of induction treatments seemed to stimulate the production of carpel- 
late more than of staminate inflorescences. 

7. The plants which received four photoinductive cycles exhibited, in the axils 

of involucral bracts of the terminal staminate inflorescence, one or two staminate ^ 

inflorescences three times as large as those occupying this position in plants ex- 
posed continuously to photoinductive treatment. 

8. The development of the inflorescences on those plants which received four or 
eight photoinductive cycles resembled more closely the development in plants con- 
tinuously exposed to such treatment than that in plants exposed to one photoin- 
ductive cycle. The rate of development was intermediate between the two. 

The writer expresses her appreciation of the helpful suggestions given by Dr. 

Karl C. Hamner during the course of these experiments. 

Department OF Botany 

University OF Chicago ^ 

LITERATURE CITED 

1 . B ORTH WICK, H. A. , and Parker, M. W., Influence of photoperiods upon the differentiation of 
meristems and the blossoming of Biloxi soybeans. Bot. Gaz. 99:825-839. 1938. 

2. Farr, C. H., The origin of the inflorescences of Xanihium. Bot. Gaz. 59:136-148. 1915. 

3. Hamner, K. C., Interrelation of light and darkness in photoperiodic induction. Bot. Gaz. 

101:658-687. 1940. 

4. Hamner, K. C., and Bonner, J., Photoperiodism in relation to hormones as factors in floral 
initiation and development. Bot. Gaz. 100:388-431. 1938. 

5. Neidle, Edith K., Nitrogen nutrition in relation to photoperiodism in Xanthium pennsyl- 
vanicum, Bot. Gaz. 100:607-618. 1939. 



COMBINED EFFECTS OF POTASSIUM SUPPLY AND GROWTH 
SUBSTANCES ON PLANT DEVELOPMENT 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 529 
HORTON M. LAUDE 
(with six tigures) 

Introduction 

The reported dry- weight determinations of plants treated with growth-regulat- 
ing substances have indicated both losses and gains associated with such treat- 
ment. Grace ( 4 ), Hwang and Pearse ( 6 ), McRostie, Hopkins, and Grace ( 8 ), 
Mitchell and Hamner (9), and Thimann and Lane (17) have all reported in- 
creased dry weight of various plants owing to such treatments. Pearse (12, 13) 
found the dry weight of leaf and root decreased while that of stem and petiole 
increased in tomatoes, yet the total dry weight did not increase. Templeman 
(16), using white mustard and barley, reported only significant depressing effects 
from growth substance treatment and no stimulation of top or root weights. 

The combined effects of variation in nutrient supply and growth-regulating sub- 
stances have been studied in a few instances. Nutrition as it affects the produc- 
tion of growth substance within the plant has been investigated by Avery, Burk- 
holder, and Creighton (i, 2) and by Skoog (15). Nutritional levels and growth- 
substance treatments in relation to root development and carbohydrate and nitro- 
gen distribution within the plant have been reported by Smith, Nash, and Davis 
(14). Eaton (3) suggested the ability of externally-applied indoleacetic acid par- 
tially to replace boron as an essential element. Skoog (15) noted that applied in- 
doleacetic acid may enhance the utilization of zinc. 

The investigation here reported deals with the effects — at different levels of 
potassium — of growth substance supplied in the nutrient medium to sand cultures 
of kidney bean. 

Material and methods 

Red kidney bean, Phaseolus vulgaris, was grown in white quartz sand in 4-inch 
glazed pots. Before planting the seed the sand was thoroughly wet with distilled 
water and given one application of minus potassium nutrient. This first addition 
of nutrient was necessary to insure uniform and vigorous plants soon after emer- 

^ This work was aided in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chicago. The assistance of Dr. C. L. Hamner in the experiment with naph- 
thalene acetamide is appreciated. 
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gence; without it the plants did not properly expand their first foliage leaves. 
Four selected seeds were planted at uniform depth in each pot. As soon as the 
heart-shaped leaves were expanded, the plants were thinned to two per pot. Seed 
coats and ungerminated seeds were removed. 

Five nutrient solutions, designated as minus K, 1/18 K, 3/9 K, 9/9 K, and 
18/9 K, were prepared in the following manner. The amount of 0.5M stock solu- 
tion of the reagent quality salts used for every liter of nutrient solution is listed. 
Distilled water was employed in all solutions. 

The minus K nutrient solution consisted of 12 cc. of 0.5M Ca(N03)2, 9 cc. of 
0.5M MgS04, and 9 cc. of 0.5M NaH2P04 per liter. The 1/18 K nutrient solution 
contained 12 cc. of 0.5M Ca(N03)2, 9 cc. of 0.5M MgS04, 0,5 cc. of 0.5M KH2PO4, 
and 8.5 cc. of o,5M NaH2P04 per liter. The 3/9 K nutrient solution consisted of 
12 cc, of 0.5M Ca(N03)2, 9 cc. of 0.5M MgS04, 3 cc. of 0.5M KH2PO4, and 6 cc. of 
0.5M NaH2P04 per liter. The 9/9 K nutrient solution employed 12 cc. of 0.5M 
Ca(N03)2, 9 cc. of 0.5M MgS04, and 9 cc. of 0.5M KH2PO4 per liter. The 18/9 K 
nutrient solution consisted of 12 cc, of o.sM Ca(N03)2, 9 cc. of 0.5M MgS04, 9 cc. 
of 0.5M KH2PO4, and 9 cc. of 0.5M KCl per liter. A somewhat higher osmotic con- 
centration resulted in the 18/9 K level owing to the addition of KCl to the other 
salts. All nutrient solutions uniformly contained iron, boron, manganese, and zinc 
at 0.5 p.p.m. and copper at 0.125 p.p.m. 

Indoleacetic acid (Merck and Company) and alpha naphthalene acetamide 
(American Chemical Paint Company) were employed as the growth substances. 
They were used individually in series of concentrations ranging from 10""'^ to lo”’^ 
by multiples of ten at the several levels of nutrition. Fresh stock solutions of the 
growth substances were prepared for each watering. The proper amount of these 
solutions was mixed with the nutrient to give the desired concentration immediate- 
ly before watering the plants. Applications were given three times a week between 
the first treatment, 10 days after planting, and harvest at the flowering stage. 
The volume of nutrient solution was increased as the plants matured, so that there 
was always a slight run off through the pot drain after each application. 

Fresh and dry weights were taken for the tops, and dry weights for the roots. 
The roots were freed of sand by washing over a screen, dipping in saturated salt 
water, and rinsing in clear water. The material was dried for 24 hours in a well- 
ventilated draft oven at 80° C. Samples removed from the oven were kept in 
desiccators until weighed. 

The experiments were designed on a factorial system, with treatments random- 
ized within blocks; and an analysis of variance (ii) was used to establish the sig- 
nificant points regarding top dry weight, root dry weight, and total plant dry 
weight. 
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Investigation 
Indoleacetic acid 

Experiment i. — This ran from October 10 to November 7, 1940, During this 
period 60 per cent of the days were sunny and growing conditions were good. 
Plants reached the flowering stage in 28 days after planting the seed. Nutrient 
levels of minus K, 1/18 K, 3/9 K, and 9/9 K were used. An analysis of variance 
of the dry weight of the tops indicated significant increases at indoleacetic-acid 
concentrations near lo""*'^ over plants receiving the same 9/9 K nutrient but with- 
out the growth substance. The differences in response between plants receiving 
and those not receiving the acid at the 3/9 K, 1/18 K, and minus K levels were not 
significant. There was a tendency for dry weight of roots to increase with increas- 
ing concentrations of the growth substance and for dry weight of the tops to 
decrease at the higher concentrations. Also a definite decrease in succulence was 
associated with decreasing amounts of potassium. 

Experiment ii. — A more extensive experiment was designed having six blocks, 
within each of which thirty-one treatments were randomized (table i). There were 
eight plants to a treatment in each block, and thus forty-eight plants to a treat- 
ment in the entire experiment. The results of this experiment illustrate those of 
the first as well. 

This experiment was carried on between January 24 and February 25, 1941. 
Only 40 per cent of the days were sunny, there being less light than in the autumn. 
Thirty-two days were required for flowering. During this time ten applications of 
nutrient and growth substance were given. The greenhouse temperature averaged 
70° F., and the average relative humidity ranged from 60 to 70 per cent. 

No epinastic response was noted, even at the 10“ and lo"’*'^ concentrations after 
applications. This was in contrast to phosphorus-deficient and boron-deficient 
bean plants grown at the same time and receiving the same indoleacetic-acid con- 
centrations, for these showed definite epinastic curvatures of the primary leaves. 
The first trifoliate leaves of the plants at the lo"*^ concentration were very pale 
green compared with the ro”^ or any other treatment. This partial chlorosis per- 
sisted in the second and third trifoliate leaves as they appeared. Likewise the first 
obvious signs of stunting appeared at this concentration. By the eighteenth day 
after planting (twelfth after emergence) , height differences were marked enough to 
distinguish clearly between the taller plants of the upper two potassium levels and 
the shorter plants of the lower two. 

The first visible symptom of potassium deficiency appeared on the nineteenth 
day after planting in the minus K treatments. It required 6 additional days for 
this condition to become obvious in the 1/18 K plants. This first symptom was 
shown by the action of the pulvinus at the base of the primary leaf blade. Those 
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leaf blades which would a short time later exhibit the characteristic marginal 
chlorosis of deficiency would retain the nocturnal pendant position during the day. 
All others remained horizontal except at night. The early marginal yellowing of 
the deficient leaf blades was followed by more extensive chlorosisj until the entire 
leaf blade was chlorotic. The veins were the last portion so affected. By the time 
of harvest the primary leaves had begun to absciss and the first and even second 
trifoliate leaves were somewhat mottled with chlorotic areas. 

By the twenty-seventh day after planting, flower buds were evident on all 
plants regardless of treatment. At harvest on the thirty-second day a few of these 
buds had commenced to open. Leaf size varied with concentration of growth sub- 
stance supplied. The more stunted plants at the higher concentrations had con- 
siderably less leaf area than had those plants receiving a more favorable concen- 
tration. All plants, regardless of treatment, had at the same nutrition level the 
same total number of leaves. 

The percentage dry weights for the bean tops are shown in figure i. Although 
the range of the percentages is only slightly over 3.5 per cent, there does seem a 
clear-cut response to each nutritional level, and this response in a definite order. 
Succulence increases with increasing amounts of potassium. With the exception 
of the two highest concentrations of indoleacetic acid at minus K, all the points 
are well stratified. There seems little relationship between quantity of growth sub- 
stance and percentage dry weight over the central range of the concentrations 
used. However, the rapid drop in percentage dry weight with the greatest amount 
of indoleacetic acid suggests that high concentrations may have a more measurable 
effect. Increases in succulence as a result of supplied growth substance have been 
reported, and it appears likely that they were associated with relatively high con- 
centrations. 

The dry-weight data of total plant, top, and root represent average weights for 
each treatment (table i). An analysis of variance to establish the differences be- 
tween these means necessary for significance at probabilities of 5 per cent and i per 
cent gave the following results. Mean differences are significant if greater than 
1,00 gm. at s per cent and 1.32 gm. at i per cent probability for dry weight of 
total plant; 0.47 gm. at 5 per cent and 0.62 gm. at i per cent probability for dry 
weight of tops; and 0.22 gm. at 5 per cent and 0.29 gm. at i per cent probability 
for dry weight of roots. 

A comparison of the nutrition levels, aside from the effect of growth substance, 
niay be made from the controls where no indoleacetic acid was used. The dry 
weights for the roots indicate no significant differences among the four levels. 
In regard to dry weight of total plant and tops, however, these four levels differ 
significantly at i per cent probability in all comparisons except that of the 3/9 K 
with the 9/9 K level. These two are nearly alike in actual weights. During growth 


GRAMS DRY WEIGHT PERCENTAGE DRY WEIGHT 






Figs. 1-6. — Each straight horizontal line represents the value for the specific control treatment which 
received no growth substance, for comparison with the lots which did. Fig. i, percentage dry weight of 
bean tops at four levels of potassium. Fig. 2, dry weights for total plant, top, and root, at 9/9 K level 
(experiment II). Fig. 3, dry weights for 3/9 K level (experiment II). Fig. 4, dry weights for minus K 
level (experiment II) . Fig. 5, dry weights of total plant at four potassium levels of experiment III. Fig. 6, 
dry weights for 9/9 K level of experiment IV. 
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both appeared much the same. Neither showed potassium deficiency symptoms 
nor any differentiating peculiarities. If based on the control- treatment results, the 
minus K, i/i8 K, and combined upper two levels seem to constitute the only dis- 
tinct conditions. Yet a marked difference appears between the 9/9 K and 3/9 K 
levels in their response to the indoleace tic-acid concentration series (table i ; figs. 
2,3). At I o""'' the 9/9 K level yields 12.5 per cent increase in total dry weight over 
the control at that level, while the same concentration of growth substance with 
the 3/9 K level is slightly below its corresponding control. The 9/9 K level has a 
definite curve of response, with io"b io“^ and concentrations being sig- 
nificant increases and the latter two at i per cent probability, while the trend of 


TABLE 1 


Dry weight of total plant, top, and root. Figures represent mean 

WEIGHT IN GRAMS OF SIX SAMPLES OF EIGHT PLANTS EACH 


Nutrition level a.nd 

PL,\NT PART 

Indoleacetic-acid concentration 

Con- 

trol 

(no 

ACID) 

lO"'* 

IO "5 

10-6 

IO ”7 

I0~* 

I O"') 

1 


10”'* 

g/ 9 K 1 

3/9 K < 

1/18K - 

Minus 

[Total plant .... 

Top 

[Root 

fTotal plant. . . . 

Top 

[Root 

fTotal plant. . . . 

Top 

[Root 

fTotal plant. . . . 

Top 

[Root 

1 

6 . 48 t 

S- 24 t 

I . 24* 

12.50 
10 . 7 ot 
1.79* 
13.00 
10.94 1 
2 . 07 t 
10.92 
9.18* 

1.74 

9.42 

7.71 

1 . 70 

13-50 

11.74 

1 . 76* 
13.26 
11.40 
1.86 
10.94 

9-29 

1 .64 
9.80 
8.14 
1.66 

14.03* 

12.32! 

I. 71 

13.07 
11.32 
1-75 
II .91 
10.25* 
1.66 
9.28 
7-87 i 
1. 41 

14.44! 
12 . 70! 
1.74 
13.28 
11-53 
1-75 
11.96 
10.16 
1-79 
9.86 
8.30 
1.56 

14.49! 
12.73! 
1 . 76* 
12 . 76 

II . 21 

I - 55 
11.22 
9.60 

I .62 
9.69 
8. 14 
^ - 55 

13-27 

11.68 

1-59 

12.81 

11.23 

1-59 

11.63 

9-93 

1 . 70 

^ 3-35 

11.72 

1.62 

13-32 i 
11.68 

1 .64 

II. IS 

958 

I-S 7 

12.88 

11.35 

I-S 3 

12.99 

11.35 

1 .64 
11.34 
9.70 

1 . 64 
9-57 
8.09 
1.48 


* Significant difference at 5 per cent probability from control at same nutrition le\''el. 
t Significant difference at i per cent probability from control at same nutrition level. 


the 3/9 K level is irregular with no significant points. In this case plants appearing 
alike but receiving different nutrition responded in a decidedly different manner to 
indoleacetic-acid applications. 

Much the same reaction occurs in relation to dry weight of tops. At 9/9 K sig- 
nificant increases are found at concentrations of i 6 ~\ 10"”^, and 10"'^, while the 
io "'5 concentration is depressed relative to the control. In the 3/9 K level no point 
is significant, either above or below the control. Only when root weights are con- 
sidered does a similarity of response appear. At concentration, root weights 
are significantly increased at both levels. A trend for increased root weight with 
the higher concentrations of indoleace tic acid is indicated. 

The 1/18 K and minus K levels exhibited decided potassium deficiency symp- 
toms and differed only in their intensity. Few significant weight differences were 
obtained at these levels (table i ; fig. 4). The 1/ 18 K level has significant decrease 
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at lo""^ and increase at 10“^ for the tops. On the basis of total plant weight, how- 
ever, these points are not significant. No definite trend in relation to the indole- 
acetic-acid concentrations appears at either level. This irregular response does not 
indicate that indoleacetic acid can replace potassium or lessen the effect of potas- 
sium deficiency, as judged by the response of the plant as a whole. 

Significant decreases in all three weights at the 10"^ treatment provide quantita- 
tive evidence for the stunting effect of growth substance under conditions of high 
concentration. This depression of growth probably would have occurred at any of 
the nutrition levels with a similar high concentration. 

Experiment hi. — To obtain data under growing conditions of higher light in- 
tensity, an experiment designed like the one just described but with eight blocks 
instead of six, and twenty-nine treatments randomized within each block, was 
carried out between March 17 and April 17, 1941. In this one the minus K level 
and the io~^ indoleace tic-acid concentration were omitted and an 18/9 K level 
included. Sixty per cent of the days were sunny, and at noon on clear days light 
intensity in the greenhouse reached 5500-6000 foot candles. This was indicated in 
the increased dry weights. For example, the total dry weight of the control plants 
at the 9/9 K level was 85 per cent greater in this experiment than in experiment ii. 

Procedure in the two experiments was identical. Ten applications of the various 
levels of nutrient and growth substance were given. The plants were harvested 
when the flower buds were well developed, 31 days after planting the seed. Again 
there were no epinastic curvatures following indoleacetic-acid applications. The 
pendant position during the day of the primary leaf blades of potassium-deficient 
plants was observed as the first symptom of such deficiency. Flower buds ap- 
peared at the same time on all treatments. The total number of leaves per plant 
was the same at each nutrition level, regardless of treatment. Noticeable differ- 
ences were apparent in leaf size and length of stem and petiole. Percentage dry 
weight decreased with increasing potassium, and the 18/9 K level averaged about 
I per cent lower than the 9/9 K level. 

One condition was observed which was not detected in experiment ii. On the 
last days before harvest the primary leaves of many of the 3/9 K level plants 
showed definite symptoms of potassium deficiency. The environmental conditions 
resulted in increased growth which apparently brought out the deficiency at this 
level. 

Dry weights of total plant, top, and root were analyzed as before (table 2). 
Mean differences are significant for dry weight of total plant if greater than 1.46 
gm. at 5 per cent probability and 1.93 gm. at i per cent probability; for dry weight 
of top if greater than 0.91 gm. at 5 per cent probability and 1.20 gm. at i per cent 
probability; and for dry weight of root if greater than 0.62 gm. at 5 per cent 
probability and 0.82 gm. at I per cent probability. 

Root weights indicate few important differences and no obvious trends relative 
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to growth substance treatment. The control at i/i8 K is markedly lower than the 
three higher levels, which cannot be separated among themselves. 

Dry weights of tops parallel dry weights of total plant (fig. s). Consideration of 
these dry weights of entire plants in the control treatments to observe the effect of 
the nutrition levels without the growth substance indicates three conditions. The 
i/i8 K level is significantly lower than the other three. By harvest it exhibited 
pronounced deficiency symptoms. The 3/9 K level is lower than the 18/9 K level 
but does not vary significantly from the 9/9 K level. The 3/9 K plants developed 
the early deficiency symptoms just before harvest. The 9/9 K and the 18/9 K 
levels cannot be separated on the basis of dry weight of controls. 

TABLE 2 

Dry weight of total plant, top, and root. Figures represent mean 

WEIGHT IN GRAMS OF EIGHT SAMPLES OF EIGHT PLANTS EACH 


Nutrition level .vnd 

PLANT PART 

iNDOLEACIiTTC-ACXD CONCENTRATION 

Con- 

trol 

(no 

ACID) 

IO"s 

lO"** 

IO “7 

10 “** 

10"'.' 


IQ-II 


Total plant 

22 . 14 t 


24.71 


26.13* 


24.23 

24.62 







18/9 K 

Top 

i 8 .i 7 t 


20.47 


21 . 60* 


20.04 

20 . 50 







Root 

.98 


4. 24 




4. 20 

4.12 


Total plant 

2I.8lt 

22 .64 

23-83 

23.70 

23. 68 

23-34 

23-58 

23 - 79 

9/9 K 1 

Top 

I 7 . 84 t 

18. So* 

19-97 

20.05 

19 ■ 88 

19-73 

19.70 

19.84 


Root 

3-97 

3-85 

3.87 

3.66 

3.80 

3.62 

3-87 

3 - 95 


[Total plant 

20 . 44 t 

21,50 

21 .80 

20.68t 

21 . 16* 

21.4s 

21-95 

22.73 

3/9K ^ 

Top 

i 6 . 34 t 

17.62* 

17-93 

i 7 - 39 t 

17.51*: 

17-87 

18.05 

18.63 


Root 

4.09 

3.88 

3-87 

3.29* 

3-64 

3-5S 

3-90 

4. 10 


Total plant 

15.26 

14-63 

14.92 

14.70 

15.08 

14.94 

14 , 80 

15.06 

i/i8Kj 

Top 

12.03 

12.05 

12.32 

11.99 

12.41 

12.22 

12.23 

12 . 28 


[Root 

3-23 

2.58 

2 . 60 

2 . 72 

2.67 

2.71 

2.57 

2.78 


* Signiikant difference at 5 per cent probability from control at same nutrition level, 
t Significant difference at i per cent probability from control at same nutrition level. 


When the response of the 9/9 K and 18/9 K levels to indoleacetic acid is com- 
pared by dry weight of total plant, differences appear. The 18/9 K level yields a 
significant increase over its control at 10“^ concentration and a decrease at 
The 9/ 9 K trend has only the significant decrease at Obviously more potas- 

sium was available in the 18/9 K level than in the 9/9 K level during growth of the 
plants. Although neither showed decided differences in growth of controls, this 
higher amount of potassium at the 18/9 K level may have been in part responsible 
for the increase of growth resulting from applications of indoleacetic acid. The 
two nutrient levels which in experiment II showed little difference in growth of 
controls and yet different response to indoleacetic acid were the 9/9 K and the 
3/9 K. Of these the 9/9 K level yielded the significant increases. Because of much 
less growth in this test, a similar relationship between potassium supply and plant 
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growth may have existed in this 9/9 K level as in the 18/9 K level just described. 
In both cases the dry weight increases correlated with indoleacetic-acid treatment 
were associated with nutrition levels of relatively high potassium. 

The facts that all indoleacetic-acid treatments at the 3/9 K level fall below their 
control, and that scattered points in this curve are significantly below, suggest 
that this growth substance may hasten the appearance of potassium deficiency. 
Symptoms of this deficiency were just beginning to be apparent at harvest, but 
observations were not recorded on their relative intensity in treated and control 
plants. No decided differences were obtained between the indoleacetic-acid treat- 
ments and control at the 1/18 K level. 

TABLE 3 

Dry weight of total plant, top, and root. Figures represent mean 

WEIGHT IN GRAMS OF SIX SAMPLES OF EIGHT PLANTS EACH 


Nutrition level and 

PLANT PART 

Naphthalene-acetamide concentration 

Con- 

trol 

(no 

acetam- 

ide) 

IO“'i 

10“'' 

10“7 

I0~8 

IO“9 

I0"“ 

jO~ii 


Total plant 

7.41! 

20. 22'^ 


23.06 

23.44 

24.24 

23.83 


23 .62 

9/9 K 

Top. 

s-sd 

I 3 - 63 ’ 


i 7 - 92 t 

18.70 

19,36 

19.45 


19.13 


Root 

3-89* 

6.6i' 


5. 14* 

4.74 

4.88 

4-38 


. 4.49 


Total plant 

7 - 27 t 

16.40' 


21.93 

22.60 

21 .87 

21.83 

21.79 

21 .87 

3/9 K J 

Top 

3 . 47 t 

10.56' 


17.00 

17.90 

17.60 

17-55 

I 7 -S 7 

17.52 


Root 

3.80 

S.84^ 


4-93 

4.72 

4.26 

4.28 

4.22 

4-35 


^Total plant 

6 .34! 

13-54' 


14-75 

16.27 

15-93 

15-30 

16,19 

15.46 

1/18 K 

Top 

3. oof 

8.821 


II. SO* 

12.78 

12.52 

12.27 

12.73 

12.34 


Root 

3-34 

4.72- 

• 

3-25 

3-49 

3.40 

3-03 

3-47 

3.12 


'Total plant 

5 -Sot 

II. OQ* 

11.63 

12 . 10 

12 . 19 

11.75 

12.30 

12.30 

Minus K 1 

Top 

3 .o 5 t 

6.88t 

8.84 

Q . 62 

9.60 

9-39 

9-95 

9.64 


[Root 

2.76 

4 . 22 t 

2.79 

2.48 

2.59 

2.37 

2-35 

2 .66 


* Significant difference at 5 per cent probability from control at same nutrition level, 
t Significant difference at i per cent probability from control at same nutrition level. 


Alpha NAPHTHALENE ACETAMIDE 

Experiment iv. — This experiment was carried out in the greenhouse under 
similar conditions and. at the same time as experiment iii. Experiment iv had 
thirty-one treatments randomized in six blocks, replicated six times. Potassium 
levels of 9/9 K, 3/9 K, 1/18 K, and minus K were employed, as were acetamide 
concentrations of 10“^ to io“"^^ (table 3). All plants at the lo"^ concentration 
were much stunted and after eight applications of the nutrients and growth sub- 
stance had practically ceased growth. The experiment was therefore harvested on 
the twenty-ninth day after planting. 

A pronounced downward curling of the primary leaves at all lo"”^ concentrations 
occurred shortly after the first application of naphthalene acetamide. This per- 
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sisted permanently throughout the experiment, and these plants, regardless of 
potassium level, remained stunted. Their second internodes elongated little and 
only one small trifoliate leaf, if any, expanded. Plants at all other concentrations 
at a given potassium level had the same number of leaves as the control at that 
level, although there were noticeable reductions in leaf size and stem and petiole 
elongation at the higher concentrations. 

Potassium deficiency in this experiment, as in the others, was first indicated by 
the pendant position of the primary leaf blades during the day. By the time of 
harvest chlorosis due to potassium deficiency was evident in the second trifoliate 
leaves in the minus K plants. Although the flower buds were still extremely small 
at harvest, there appeared no hastening of their development at this stage by any 
of the naphthalene-acetamide treatments. 

Average dry weights of total plant, top, and root were analyzed (table 3). Dif- 
ferences between means of dry weights greater than 1.14 gm. for total plant, 0.83 
gm. for tops, and 0.58 gm. for roots are significant at 5 per cent probability. At i 
per cent probability these mean differences must be greater than 1.50 gm. for total 
plant, 1. 10 gm. for tops, and 0.76 gm. for roots. 

The control treatments provide a basis for judging the effect of the four nutrient 
levels without any naphthalene acetamide. The total plant average weights and 
averages for tops both differ sufficiently so that each level is clearly separated from 
the others. The dry weights of roots fall into two groups. The 9/9 K and 3/9 K 
levels cannot be separated between themselves but they do differ significantly 
from the 1/18 K and minus K levels, which in turn cannot be separated. Yet the 
weights for roots decrease consistently with decreasing potassium, so the four 
levels appear to constitute four distinct nutritional conditions. 

Examination of the significant differences between the naphthalene-acetamide 
treatments and the control at any given level shows that these differences are 
present only at the higher concentrations. For total plant dry weight they are 
only decreases, and the same is true for dry weight of tops. The only significant 
increases in the entire experiment are for dry weight of roots, and these increases 
are well localized at the lo"^ concentrations. At harvest the roots at these treat- 
ments were more fibrous and extensive than at others. 

The response at any one nutrition level is the same in general trend as that at 
any other of the four levels tested (fig. 6). The difference appears only in degree, 
in that the weights are progressively less as potassium supply decreases. 

The percentage increase in dry weight of root at the 10“^ concentration of naph- 
thalene acetamide over the control at the same level is 47.2 at 9/9 K, 34.3 at 
3/9 K, 51.3 at 1/ 18 K, and 58.6 at minus K. These increases occur in treatments 
associated with reduction in dry weight of tops. This decidedly alters the ratio of 
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tops to roots. At the 9/9 K level the dry weight of tops of the control treatment is 
approximately 4.3 times that of the roots. At the same nutrition level, but with 
naphthalene acetamide supplied in the nutrient at 10^^ concentration, the dry 
weight of the tops is only 2.1 times that of the roots. 


Discussion 

When different responses are obtained in nutritional work in which the solu- 
tions have been altered by the substitution of a salt, the question arises as to 
whether the effects are attributable to the altered essential element or to the sub- 
stituted ion. Such inquiry may well be made in the experiments with indoleacetic 
acid reported here. The only nutrient level in experiment ii which gave significant 
increases with indoleacetic-acid treatment was that of 9/9 K, which received no 
sodium after treatments commenced. Perhaps sodium prevented a similar re- 
sponse at the other nutrient levels where it was used as a substitute ion for potas- 
sium. But in experiment in, with much greater plant growth, the 9/9 K level 
failed to give significant increases. Presence of sodium could not have resulted in 
this response. In this experiment the 18/9 K level, with chlorine as a foreign ion 
and with higher potassium, did yield a significant increase in dry weight. Yet the 
increases of experiment ii at 9/9 K were obtained on plants watered with solu- 
tions containing no chlorine. Sodium and chlorine may influence the response, but 
it seems unnecessary to consider the absence of sodium or the presence of chlorine 
of particular importance in obtaining increased growth with indoleacetic-acid ap- 
plications. 

The evidence seems to favor the view that variation in potassium supply rather 
than variation in the substituted or added ion was chiefly responsible for the dif- 
ferent reactions at the several levels. If this is granted, it appears that relatively 
high potassium is necessary to obtain stimulating effects on growth of the total 
plant with indoleacetic acid. High potassium plants may be limited in growth by 
a relative deficit of growth substance. The addition of indoleacetic acid may raise 
this limitation and increased growth result. At the lower potassium levels this 
chemical element may be the limiting factor; thus greater supply of indoleacetic 
acid results in no growth increase. 

Grace (5) has studied the effect of several chemicals used with indoleacetic acid 
in a talc carrier on the rooting of stem cuttings. He concluded that potassium 
acid phosphate in combination with indoleacetic acid has decided effects on 
rooting. 

In these experiments, whenever stimulation of total plant dry weight resulted 
from indoleacetic-acid treatment, it was observed in the same general region of 
concentrations, io~"b 10“^ and io“L Yet the much different response over the 
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entire range of concentrations suggests the value of employing several concentra- 
tions in experiments with growth substances. 

Studies of the response of kidney bean plants to emulsion sprays of naphthalene 
acetamide have been made by Kraus and Mitchell (7) and by Mitchell and 
Stewart (10). The latter observed the effects of four concentrations of emulsion 
spray as judged by dry-weight analysis 10 days after spraying. They reported 
root increases of 48 per cent with the most concentrated spray. Both papers men- 
tioned the more fibrous nature of the roots and the suppression of top growth with 
concentrated sprays. These observations are similar to those reported in this pa- 
per for the concentration, although in this work the naphthalene acetamide 
was applied in the nutrient solution and the plants were not harvested until flower 
buds were evident. No data were obtained concerning the relative efficiency of the 
increased root system of plants treated with naphthalene acetamide. 

Summary 

1 . Red kidney bean plants grown in sand culture at different levels of potassium 
nutrition and receiving indoleacetic acid or alpha naphthalene acetamide in the 
nutrient solution in a series of concentrations were compared by dry weights of 
top, of root, and of total plant. 

2. Plants receiving different nutrition but externally appearing alike responded 
in a markedly different manner to indoleace tic-acid treatment. 

3. Relatively high potassium in the nutrient solution was necessary to obtain 
increased dry weight of total plant by indoleacetic-acid treatment. 

4. Under certain levels of nutrition, increases as great as 12.5 per cent in total 
plant dry weight were obtained by indoleacetic acid supplied at the lo"^ concen- 
tration. Significant increases were obtained at concentrations of io"b lo"^, and 
io“L 

5. Indoleacetic acid appeared unable either to replace potassium or to enhance 
its utilization under deficiency conditions, as judged by total plant response. 

6. The time of flowering was not hastened by indoleacetic-acid treatment, nor 
was there any indication that naphthalene acetamide accelerated the appearance 
of flower buds. 

7. The number of leaves per plant was not increased by either growth sub- 
stance, although leaf size varied considerably. 

8. Percentage dry weight increased as potassium decreased, and only at rela- 
tively high concentrations of indoleacetic acid (lo""^) was increased succulence 
noted. 

9. Plants at four potassium levels yielded the same general trend of response to 
naphthalene-acetamide treatment. They differed only in the degree of this re- 
sponse, in that dry weights were less with decreasing potassium. 
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10. Dry weights of roots increased 34-58 per cent at the 10^^^ concentration of 
naphthalene acetamide. At this same concentration growth of tops was signifi- 
cantly reduced. 

11. The first visible potassium deficiency symptom was expressed by the pri- 
mary leaf blades retaining the nocturnal pendant position during the day. 

Department of Botany 
University of Chicago 
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ANATOMY AND SORUS DEVELOPMENT OF CYSTOPTERIS 

BULBIFERA 

BARBARA F. FALSER AND VIRGINIA E. BARRICK 
(with twenty-five figures) 

Introductioa 

The genus Cystopteris has given difficulty in classification. Diels (5) placed it 
in the Woodsieae, but Schlumberger (8) excluded it from this tribe. Bower 
(i) placed the genus among the Genera Incertae Sedis, but states that Cystopteris 
ranks nearer the Cyatheoid than the Davallioid derivatives, and that its origin is 
superficial as in the Woodsioid and Dryopteroid ferns. In a later publication (2) 
he states that the question of ancestry is between the Pteroid type with marginal, 
or the Cyatheoid type with superficial sori. More recently Christensen (4) has 
placed Cystopteris in the Asplenioideae, between the Blechnoideae and Dryopte- 
roideae. 

Previously only two species, Cystopteris fragilis (L.) Bernh. and C. montana 
(Lam.) Bernh., have been examined morphologically and anatomically. The pres- 
ent investigation of C. bulbifera (L.) Bernh. was undertaken in the hope that 
further knowledge of the anatomy and morphology of this species would aid in 
establishing the relationships of the genus. 

Material and methods 

Leaves and rhizomes were collected at the base of the eastern side of Mount 
Toby, Massachusetts. Material collected in May was used for studying the origin 
and development of the sorus. The young fronds were only partly unfolded; the 
tips which bore very young sori were still encased by the rest of the frond. Mate- 
rial collected in October was used for studying the rhizome and root. Portions of 
root, rhizome, petiole, pinnae, and young leaves were killed and fixed in a chromo- 
acetic solution of i per cent chromic acid and 2 per cent acetic acid and were then 
imbedded in paraffin. Most sections were stained in safranin-light green or in 
safranin-gentian violet combinations. Sections of early stages of the sorus were 
stained in Heidenhain’s iron-alum haematoxylin and counterstained in safranin. 

Observations 

Rhizome. — The rhizome develops radially, with leaves diverging from all sides. 
Because of the closeness of the leaf bases to one another, the rhizome gives the 
appearance of being merely a spiral succession of imbricated bases. Although the 
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greater part of the rhizome is made up of leaf bases, the central portion contains a 
dictyostele with curving meristeles bordering the long leaf gaps. Transverse sec- 
tions of the rhizome show the number of meristeles ordinarily to be either three or 
four, although there are occasionally five. The binary leaf traces found in the leaf 
base arise individually, each from a separate meristele. Each leaf is accompanied 
by a single root. The trace which enters the root diverges near the base of the leaf 
gap. This base is formed by the divergence of a single meristele into two strands, 
each of which may give off a leaf trace before anastomosing with an adjacent 
meristele (fig. i, rtj, iQ, or — more often — one will give off a leaf trace before 
anastomosing but the other will merge with an adjacent strand before giving off a 
leaf trace (fig. i, r/4, The leaf traces, usually diverging in the lower half of the 
leaf gap, do not always arise at the same distance from the base of the gap, nor at 
the same level. 

Pockets in the rhizome are formed between the adaxial side of the leaf base and 
the rhizome itself, and extend down into the pith region, often extending below the 
point at which the leaf traces diverge from the meristeles into the leaf base (figs. 
2, 3). G WYNNE- Vaughan (7) describes similar pockets in C. fragilis as large, 
downward ranging into internal ground tissue, and limited to three in any cross 
section. 

The apex of the rhizome is protected by scales, multicellular hairs, and glandu- 
lar hairs, as well as by the petioles of young leaves. The large apical cell is wedge- 
shaped, with three cutting faces (fig. 4). Each meristele is surrounded by a contin- 
uous endodermis, the cells of which show a Casparian strip on the radial walls. A 
pericycle, two or three cells thick, lies between the endodermis and the phloem. 
The central core of xylem, oval in transverse section, is surrounded by paren- 
chyma and, outside of that, by a band of phloem which is not always continuous. 
The isolated protoxylem cells are found near the cortical side of the xylem core, 
the larger metaxylem cells being toward the pith. 

Each vascular strand of the leaf trace resembles a meristele but differs in the 
shape of the xylem strand. In transverse section the two traces are mirror im- 
ages, with the protoxylem regions at the two ends of the traces partly inclosed 
by hooks of metaxylem (figs. 6, 7). In the rachis the two leaf traces merge, making 
a V-shaped trace, although the xylem strands retain in part their characteristic 
shape (fig. 8). 

* Root. — The root trace diverges endogenously from a meristele, usually below 
but sometimes above the leaf gap. The primordium of a root may be seen near the 
rhizome tip, close to the base of the primordium of the leaf. The first protoxylem 
cells of the diarch stele appear after the root has progressed through the cortex far 
enough to break the epidermis. The course that the root may take when it is 
passing through the cortex of the rhizome varies. The root may grow obliquely 
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toward the tip but before becoming free turn back; or it may pass outward almost 
at right angles. When it breaks through the epidermis it may grow parallel to and 
in contact with the rhizome for some distance. The root cap is seven or eight cells 
thick just beyond the apex. 



Figs. 1-5. — Fig. i, reconstructed vascular system: U, leaf trace; rt, root trace. Fig. 2, diagram of 
cross section of mature rhizome. Fig. 3, same of longitudinal section of rhizome through apex: a, apex; 
la, leaf apex; h, hair or scale; pk, pocket; m, meristele. Fig. 4, apex of rhizome: ac, apical cell. Fig. 5, de- 
tail of meristele: mx, metaxylem; px, protoxylem; pe, pericycle; e, endodermis; p, region of pith; ph, 
phloem; c, region of cortex. 

Dermal APPENDAGES. — Types of appendages found on the sporophyte are 
scales, multicellular hairs, glandular hairs, and unicellular hairs (fig. 9) . They oc- 
cur on young parts as on the rhizome tip, petioles, rachis, and pinnae of young 
leaves, and on both the inner and outer surface of bulbils. They generally dis- 
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appear as these parts mature, but unicellular hairs — which may be slightly swollen 
at the tip — persist on the lower surfaces of the midribs of pinnae and pinnules. 

Leaf. — ^The leaves are long, delicate, and light green in color. The mesophyll 
does not have a differentiated palisade layer, but there is more intercellular space 



Figs. 6-10. — Fig. 6, diagram of cross section of stipe. Fig. 7, detail of vascular bundle of stipe: e, 
endodermis; phloem; pe^ pericycle; mx^ metaxylem; protoxylem. Fig. 8, diagram of cross section of 
rachis. Fig. 9, dermal appendages (c-f). Fig. 10, cross section of very young pinnule. 

in the lower part than in the upper. Leaf primordia are very plump, as are also the 
pinnae as they arise from the rachis. The margin of each pinnule is composed of a 
row of cells with two cutting faces, which by continued divisions bring about the 
broadening of the pinnule (fig. 10). The pinnules bear two to eight sori near the 
outer margin of the small lobes. The sori appear while the pinnule is subterete. 

Sonus.— In a mature leaf the sorus is seated near the margin of a pinnule on a 
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vein which extends beyond it. When young, the sorus is covered by a pocket-like 
indusium which opens on the side toward the margin of the pinnule (fig. ii). As 
soon as the first sporangia mature, the indusium begins to shrivel and eventually 



Figs. 11-25.— Fig. ii, pinnule with young sorus. Fig. 12, mature sorus: m, margin of leaf; vein; 
sporangium; i, indusium. Fig. 13, very young sorus, surface view. Figs. 14-21, stages in the development 
of sorus. Fig. 22, section cut across vein through young sorus: hair. Fig. 23, section cut parallel with 
vein through young sorus. Fig. 24a, h, tw^o faces of young sporangium. Fig. 25, mature spore. 

exposes all the sporangia (fig. 12). As it shrivels it is apt to tear lengthwise, giving 
the appearance at maturity of a basal indusium made up of scales. The indusium 
bears unicellular hairs and is one cell in thickness, except at the base directly in the 
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center where it may be two cells thick. The bilateral symmetry of the sorus is 
exaggerated by lateral pouches of the indusium, which extend outward from the 
base and over the top of the receptacle (fig. 22). The axis of the receptacle is in- 
clined toward the margin of the pinnule (hg. 23). 

The first indication of the sorus is found while the pinna is composed of undif- 
ferentiated tissue and has broadened but slightly (figs. 14, 15). As seen in section, 
an initial of the indusium five or six cells back from the margin becomes enlarged 
and papillate. This is followed by two or three sporangial initials between the 
indusium and the marginal cell. Two or three anticlinal divisions may occur in the 
superficial cells between the sporangial initials and the margin, but these cells do 
not enlarge much at this time (figs. 16--18). The tissue of the receptacle is formed 
by repeated division of the cells just beneath the sporangial and indusial initials 
(figs. 17--19). The cells of the young indusium undergo periclinal divisions, form- 
ing a layer curving from the proximal side of the sorus toward the margin (figs. 13, 
16-2 1). In early stages of the sorus, marginal growth of the leaf is practically at a 
standstill and the marginal cell is often forced by intercalary divisions in the soral 
region to a position almost on the plane of the upper surface of the leaf (figs. i6~ 
18). Growth of the receptacle is greater on the proximal side of the sorus, and the 
new sporangial initials are formed between the oldest sporangium and the base of 
the indusium (figs. 16, 18, 20). One, rarely a second, sporangium is formed on the 
distal side of the receptacle (fig. 21). This shows a gradate sequence in sporangial 
development, modified by the suppression of receptacle growth on the distal side 
of the sorus. The sorus later becomes mixed. The marginal cell at all times re- 
mains completely distinct from the tissues of the sorus (figs. 16-18), although in 
early stages the growth of the receptacle on the proximal side, the more advanced 
development of sporangia on the distal side, and the suppression of activity in the 
marginal cell — all place the young sorus on what has been interpreted to be the 
margin of the leaf. By the time there are several sporangia in early stages of de- 
velopment, the more active marginal growth of the leaf places the sorus on the 
under side of the leaf (figs. 19-21). About this time maturation of the main vein of 
the leaflet begins, followed by differentiation of the lateral veins. In the early 
stages, provascular strands can be seen extending into the receptacle of the young 
sorus and into the leaf blade beyond (fig. 20). 

Either the first or second division of the sporangial initial is usually oblique. 
The mature sporangium has a slightly oblique annulus of fourteen indurated cells 
interrupted by the three-rowed stalk. The cell between the base of the annulus 
and the stalk is longer than the annulus cells, and the walls are unthickened. The 
mature stalk is relatively stout, with irregularly inclined walls (fig. 24). The spo- 
rangium contains twenty-four to forty-eight spores, but the usual number is 
thirty- two. They are dark brown, without a perispore, and are covered with spine- 
like protruberances (fig, 25). 
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Discussion 

In considering the relationships of Cystopteris the following points should be 
considered: its various vegetative characters — delicate habit, crowded leaves, 
dermal appendages, dictyostelic stem structure, and binary leaf traces with which 
one root is associated; its reproductive characters — the superficial position and 
origin of the sorus, its zygomorphic form, the pocket-like indusium, the gradate 
sequence changing to mixed, the three-rowed stalk of the sporangium., and the 
bilateral spore. 

There is little that suggests relationship between Cystopteris and any group of 
the Marginales. The only point which would ally them is a marginal origin of the 
sorus. In Cystopteris the sorus is seated on a vein which sends a branch into the 
receptacle but continues beyond toward the leaf margin. In forms secondarily 
superficial (for example, Davallia) the origin of the sorus is definitely marginal on a 
flattened margin receptacle; the superficial position is assumed when the sporangia 
are somewhat well developed. In almost all cases the marginal cell of the leaf is 
active in the formation of the receptacle, sporangia forming on both sides of it; 
and the continuation of the lamina as upper indusium is a proliferation of the leaf 
tissue on the upper side of the marginal cell (i). In Cystopteris^ however, the mar- 
ginal cell continues to function as the marginal cell of the leaf and is not concerned 
in the formation of the sorus. 

Bower (3) finds that ^hhe segmentation of the sporangia [in C.fragilis] is also 
a matter for note. It will be seen that the stalk is a relatively massive one with 
irregularly inclined walls. This .... is in sharp contrast to the simple transverse 
segmentation of the stalk seen in Dmalliay 

The interpretation of the origin of the sorus as marginal may be attributed to 
the precocity of the pinnule in its soral development, since in ferns where the sori 
are obviously superficial (for example, Asplenium) the pinnule may become broad- 
ened and have a well-defined vein before the sporangia appear (i). In Cystopteris 
the development of the first sporangium precedes the broadening of the leaf and 
the development of the vascular tissue. At this stage the room for the sorus on the 
under surface is very limited. As the leaf broadens the almost marginal position is 
maintained for a short period by the great activity in the sorus in comparison with 
the slight activity of the margin, but the marginal cell at all times remains distinct 
from the sorus. The superficial position is definite before the vascular tissues are 
mature. The origin and development of the sorus have been observed by Ggebee 
(6) in C. montana and by Bower (3) in C. fragilis. Their figures indicate that a 
similar interpretation is reasonable for these two species. 

In the Superficiales similarities can be found to members of the Onocleoideae, 
the Dryopteroideae, the Asplenioideae, and the Woodsieae. The smaller forms of 
the Dryopteroid group have a simplified dictyostele, and certain species (for ex- 
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ample, D. phegopteris and D. thelypteris) have a binary leaf trace (i). The recep- 
tacle of the sorus in this group is horseshoe-shaped, and while there may be a very 
early tendency to gradate sequence of the sporangia, it is quickly replaced by a 
mixed condition. The sporangium has not lost all traces of the obliquity of the 
annulus, but it is not so noticeable as in Cystopteris. The stalk is three-rowed, 
Dryopteris differs from Cystopteris in the accentuated tilting and zygomorphy of 
the receptacle and in the early mixed sporangial sequence. 

Christensen’s most recent classitlcation (4) places Cystopteris in the As- 
plenioideae, and suggests a relationship to Athyrium. The adult stem of Athyrium 
contains a rather wide-meshed dictyostele. The petiole is traversed at its base by 
broad straps of the leaf trace, which unite below the blade to form a gutter-shaped 
meristele (i). The leaves are borne spirally. Cystopteris shows close resemblance 
in anatomy but differs in soral structure and in details of the sporangium, which 
has an annulus with an oblique tendency and relatively massive stalk in contrast 
to the incomplete vertical annulus and one-rowed stalk of the sporangium of 
Athyrium, 

In the appearance, size, and texture of the fronds and in anatomy, Cystopteris 
shows a close resemblance to the Woodsieae. The vascular system of Woodsia is a 
simple dictyostele, with two leaf trace strands, with which one or more roots are 
associated (8). 

Cystopteris forms a link in the series tracing the zygomorphy of the sorus from 
the complete radial sorus with basal indusium — ^found in some species of Woodsia 
— to the horseshoe-shaped sorus with the tilted receptacle and covered by an in- 
complete indusium found in Dryopteris. In the Woodsieae and Dryopteris the 
slightly oblique annulus is interrupted by the three-rowed stalk, and the spore 
output is 48-"64. In the Woodsieae the sequence of sporangial development is 
initially basipetal, later becoming mixed as in Cystopteris; in Dryopteris the gradate 
sequence is merely suggested. Cystopteris seems to be intermediate between Wood- 
sia and Dryopteris^ but more closely allied to Woodsia than to Dryopteris. 

Summary 

1. The rhizome of Cystopteris bulbifera is radial, with leaves diverging from all 
sides. It contains an unperforated dictyostele with curving meris teles bordering 
the leaf gaps. In transverse section ordinarily three or four meristeles are 
found. 

2. The strands of the binary leaf trace diverge individually in the lower half of 
the leaf gap, one from each side of the leaf gap, and merge in the rachis. 

3. Each root arises singly and accompanies the leaf base, the root trace diverg- 
ing near the base of the leaf gap. 

4. Unicellular, multicellular, and glandular hairs, and also scales are present on 


176 


BOTANICAL GAZETTE 


[SEPTEMBER 


y-oung parts of the sporophyte. Unicellular hairs persist on the lower surface of 
the rachis and of the midribs of the pinnae and pinnules. 

5. The soriis originates on the pinnule while it is sub terete. The sorus is super- 
ficial in origin; the indusium and sporangial initials appear a few cells back from 
the marginal cell, which continues its marginal activity and takes no part in the 
formation of the sorus. The sorus is seated anterior to the vein ending. Its recep- 
tacle has bilateral symmetry and is tilted toward the margin of the pinnule. 

6. The sporangium has a slightly oblique annulus, which usually consists of 
fourteen cells interrupted by a three-rowed stalk. The sequence in development in 
the sorus is at first gradate but later mixed. 

7. The closest affinities of Cystopteris seem to be with the Woodsieae. 

The writers express their thanks to Professor Alma G. Stokey for helpful direc- 
tion and criticism during the course of this study. 

Mount Holyoke College 
South Hadley, Massachusetts 
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GRASS STUDIES. V. OBSERVATIONS ON PROLIFERATION^ 


ETLAR L. NIELSEN 
(with six figures) 

Introduction 

Arber (i) defines proliferation in grasses ^as “the conversion of the spikelet, 
above the first glumes, into a leafy shoot.’’ Reports covering a number of species 
wherein proliferations have been observed have been published (i, 2, 3, 5). The 
majority of these observations appear to have been made upon plants growing in 
areas of high altitudes, high latitudes, or in moist situations. The present study 
was made mainly upon plants growing under the relatively xeric conditions in 
northwest Arkansas during the summer months of the last few seasons, under very 
wet conditions of west-central Wisconsin, under greenhouse conditions, or under 
grazing. 

Observations 

Festuca obtusa Spreng. — ^A plant upon which a number of florets were pro- 
liferating was collected near Crosses, Madison County, Arkansas, in July, 1936. 
Subsequently other material of this same species bearing abnormal spikelets was 
collected from central and northwest Arkansas. With one exception the plants 
grew in dry and open situations. Examination of the cited herbarium material in- 
dicates that some spikelets of the panicles appear normal in every respect while 
others bear proliferating florets. In some spikelets only one floret developed. This 
proliferated and was subtended by a pair of glumes. In other instances, where two 
or more florets had developed, the lowermost appeared normal while the more 
distal member of the same spikelet had proliferated. No spikelets have been ob- 
served with more than one floret proliferating, however, nor were any normal 
florets observed to be borne more distal than the proliferating one (fig. i). 

Herbarium material.^ — Crosses, Madison Co.: Nielsen, no. 4045. Mt. Maga- 
zine, Logan Co.: Nielsen and Younge, no. 5952. White Rock Mountain, Franklin 
Co.: Nielsen, no. 6016. Devils Den State Park, near Winslow, Washington Co.: 
Younge and Nielsen, no. 5959 (Mr. J. R. Swallen comments concerning this speci- 
men: “The one or two apparently normal spikelets seem to ht Festuca versula 
Beal. . . . . However the plant is abnormal and since F. obtusa Spreng. is common 
in this region I believe it is more likely to be the latter species.”), 

Bromus inermis Levss. — In this species essentially the same conditions ob- 

^ Research paper no. 692, Journal Series, University of Arkansas. Published with the approval of the 
Director of the Arkansas Agricultural Experiment Station. 

177I 


[Botanical Gazette, voL 103 



X 




%, ... -«» 








..iS 

wholly replacing normal spikelets. Fig. 4, Phleum pratensTwp^^A^^^^ 3. 5 . merOTw, proliferations 
placing normal structures. Fig c Avena mthw c * •' i. ® proliferations of spikelets re- 

nnaUm, proliferation that replaced entire panidj florets. Fig. i,,Panic‘im 


NIELSEN— GRASSES 


179 


■1941] 

tained as were found in Festuca ohtusa. In 1938, proliferation was observed in nine 
of twelve selections of smooth brome grass growing in the grass nursery at the 
Agricultural Experiment Station, Fayetteville, Arkansas. Nearly all the spikelets 
of the panicle of some plants were abnormal in development, whereas in other 
panicles of plants of the same selection only a few florets appeared to be affected. 
In most instances only a single floret of a spikelet proliferates. Although these 
selections have been under observation since 1937, this condition was observed in 
this species in 1938 only. Shortly after July 10, 1938, when this condition was ob- 
served at Fayetteville, the writer examined a number of areas of this species in 
Minnesota and Wisconsin. No proliferations were found at this time, nor were 
any observed in the aftermath growth on these same areas when subsequently 
examined on September 17 of the same year (fig. 3). 

Herbarium material. — Grass nursery. University of Arkansas Experimental 
Farm, Fayetteville: Nielsen^ no. 5595. 

Bromus purgans L,— During the fall of 1939 much-enlarged florets occurred 
abundantly on plants of this species situated on dry ledges and in exposed posi- 
tions in a number of localities of northwest Arkansas. In none of the numerous 
plants examined were the proliferations as well developed as in the selections of 
B, inermis previously discussed, and — in contrast to the condition in the latter 
species^usually all the florets of a spikelet were abnormal ; in most instances com- 
paratively few normal florets were found on the affected plants (fig. 2). 

Herbarium material. — Lake Wedington, Washington Co. : Younge and Nielsen^ 
nos. 6007, 6011. Devils Den State Park, Washington Co.: Younge and Nielsen^ 
nos. DD200, DD204. 

Phleum pratense L.— Only in 1938 were proliferating spikelets observed in the 
nearly mature inflorescences in four of nineteen selections of this plant grown con- 
tinuously in the grass nursery at the station during the period 1937-1940. The 
first abnormalities were observed on July 15, and others subsequently appeared 
until July 25. Prior to June i , moisture had been plentiful. A period of light rain- 
fall and high temperatures followed. Here the combination of abundant moisture 
followed by severe drought appeared associated with the occurrence of prolifera- 
tion. 

Also in 1938, aftermath timothy meadows in the vicinity of Chippewa Falls, 
Wisconsin, were examined regularly during September and October. No prolifera- 
tions were found until October 21. Those observed at that time were found on 
plants growing near the margin of a meadow situated in a lowland subjected that 
year to frequent inundation, or along a service road entering the meadow. All the 
abnormal inflorescences were either emerging or had just emerged from the boot. 
During 1938 the rainfall at Chippewa Falls had been abundant during the entire 
summer and autumn, and moderate temperatures had prevailed. In this instance 
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the phenomenon may have been induced by the short days and low temperatures 
of late autumn (fig. 4). 

Herbarium material. — Grass nursery, University of Arkansas Experimental 
Farm, Fayetteville : selections 361, 365, 393. Chippewa Falls, Chippewa Co., Wis- 
consin (October, 1938): Nielsen (five specimens). 

Avena sativa L. — A proliferating specimen of the commercial variety Ferguson 
922 was forwarded to the writer by Mr. Paul H. Millar of the Arkansas State Plant 
Board. He reported the abnormality as “occurring abundantly in very moist or 
wet situations in the oat fields of the rice belt near Lonoke, Lonoke County.’’ In a 
subsequent conversation Mr. Millar stated that he had not, at the time of collec- 
tion, observed proliferations on plants growing on drier situations. In the modified 
spikelets examined either one or two florets were affected, the distal one of which 
was borne upon a much elongated rachilla which frequently reached 2 cm. in 
length and at times exceeded the somewhat enlarged subtending glumes (fig. 5) . 

Herbarium material.^ — Oat fields, Lonoke, Lonoke Co., Arkansas: P. H, Millar 
(May, 1939). 

Panicum virgatxjm L. — During the three winters of 1937--1940 a number of 
plants of several selections of this species were grown in the greenhouse at this 
station. Some plants of selection no. 644 developed proliferations that entirely re- 
placed inflorescences. These plants, grown from caryopses taken from plants 
growing along a railroad embankment a few miles north of Fayetteville, were 
planted in the greenhouse in early September, 1937. Growth of the seedlings ap- 
peared normal until after March i, 1938, when the development of proliferation 
was first noted. By mid-April a few proliferations had reached the stage shown in 
figure 6. Some had produced several tillers, and adventitious roots had appeared 
on the short rhizomes. Plants of this no, 644 and of two other selections that 
have also proliferated under greenhouse conditions, no. 339 from O’Neil, Nebraska, 
and no. 1602 from Stillwater, Oklahoma, have since flowered normally and 
produced good yields of viable caryopses when grown under field conditions at the 
Experimental Farm, Fayetteville. On September 7, 1940, numerous proliferating 
plants of this species were observed in a pasture area. In this case the abnormal- 
ities developed only on those plants that had been retarded by the removal of 
their crowns through grazing. 

A cytological examination of material taken from these selections of Panimm 
indicates no apparent reason to assume that in this species, at least, the vegetative 
mode of reproduction is necessarily associated with higher chromosome numbers 

(4? 5)' 

Herbarium material (taken from greenhouse-grown plants), — Nielsen^ selection 
no. 644 (April, 1938, and March, 1939); 1602 (Jan. 9 and April 15, 1940); 

no. 339 (April i, 1940). Northwest Arkansas Land Use Project, near Wedington, 
Arkansas: Younge and Nielsen j no. 6467. 
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Discussion 

From the preceding observations and from many of those recorded in the cited 
bibliographies, it appears that adverse environmental factors, or abrupt changes 
of environmental factors — ^particularly moisture, light, and perhaps tempera- 
ture — ^play an important part in the mode of reproduction of some of the numerous 
races of certain grass species. As indicated in the cited papers, form names have 
been applied in some instances to races showing tendencies toward proliferation. 
It seems advisable that such taxonomic description should be postponed until the 
physiological responses of a number of races within a given grass species have been 
studied under a wide range of controlled environmental conditions and the effects 
of such conditions upon mode of reproduction critically observed. 

Summary 

Proliferation has been observed to occur in Festuca obtusa, Bromus inermis, B. 
purgans, Phleum pratense, Avena saliva, and Panicum virgatum. The general ex- 
ternal morphology of the proliferations is briefly described and the environmental 
conditions of the proliferating plants indicated. 

College of Agriculture 
University of Arkansas 
Fayetteville, Arkansas 
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STRUCTURE OF STEMS IN RELATION TO DIFFERENTIATION 
AND ABORTION OF BLOSSOM BUDS^ 

B. ESTHER STRUCKMEYER 
(with thirty-eight figures) 

Introduction 

It was shown by Wilton and Roberts (6) that differences exist in the anatomi- 
cal structure of the stems of nonflowering and flowering plants. Wilton (7) later 
reported that the degree of cambial activity in annual plants depends upon wheth- 
er they are vegetative, budding, or flowering. She observed that the cambium be- 
comes less active as the plants form blossom buds, and by the time these buds 
have developed into flowers and fruits, cambial activity has ceased. The charac- 
teristics of the phloem tissue in stems of nonflowering and flowering plants were 
described by Struckmeyer and Roberts (5). They found the sieve tubes and 
companion cells to be fewer in number, thicker walled, and smaller in size in stems 
of flowering than in nonflowering plants. Callose was also more abundant in stems 
of a number of species of flowering plants. 

In connection with these investigations, the following questions arose : (a) Do 
the anatomical changes in stems of plants placed in an environment favorable for 
flowering become apparent before the appearance of blossom primordia, or at the 
same time as blossom primordia, or are these changes unrelated to the differentia- 
tion of blossom primordia? (b) What is the effect of return to an environment 
favorable to vegetative growth upon plants previously subjected to an environ- 
ment inducive to flowering? 


Material and methods 

The plants were grown in the greenhouses of the department of horticulture at 
the University of Wisconsin. The five species under observation were: 

Compositae: Cosmos sulphur eus Cav. ya,Y. Klondike, Xanthium echimtumMnxY, 
Cmciferae: Mathiola incana R. Br. var. Christmas Pink 

Labiatae: Salvia spkndens Ktr. vb,t. 'E aThingeT 

Leguminosae: Glycine max Merr. var. Biloxi 

Several series, each composed of approximately seventy plants of these species, 
were placed in greenhouses with minimum temperatures of 55^, 65°, and 75° F., 
and are respectively designated as cool, medium, and warm. Long-day conditions 

' Published with the approval of the Director of the Agricultural Experiment Station. This investi- 
gation was supported in part by a grant from, the Wisconsin Alumni Research Foundation. 
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were secured by the use of electric lights employed from about sunset until mid- 
night. These delivered to the plants 30-'8o foot candles, as measured by a Weston 
photometer. The normal winter days of November, December, and January were 
used as short days. Before November and after January, the days were artificially 
shortened to g^-io hours. Some of the plants placed on the short days were sam- 
pled at regular intervals while the remainder were returned to long days. The lat- 
ter were also sampled after varying lengths of exposure. 

Samples were taken of the fourth internode and of the stem tip of the same 
plants, three plants being taken at each sample date. The material was fixed in 
formalin-acetic-alcohol. Butyl alcohol was used as the dehydrating agent, and 
the material was imbedded in parafiin. Transverse and longitudinal sections 
12-15 M thick were cut. The sections were stained with 50 per cent alcoholic safra- 
nin and with light green in clove oil. 

Observations 

Plants requiring different environmental treatment for the formation of blos- 
som buds were examined. Soybean, Salvia, Cosmos, and Xanthium initiate blos- 
som buds when exposed to short days at appropriate temperatures (i, 2, 3, 4). 
Stock produces blossoms under long-day conditions at a cool and medium tem- 
perature, and after a greater length of time on short days at a cool temperature. 

Microscopic blossom primordia were evident on plants of soybean znA Salvia 
when exposed to 9 short days and a warm temperature. Unless this short-day 
treatment was continued approximately 17 days, the primordia failed to develop 
into flowers and the plants gradually acquired vegetative characteristics. Blos- 
som primordia were apparent on plants of Cosmos given 12 short days, and an ex- 
posure of at least 18 short days was necessary for these plants to retain their blos- 
som buds and continue development if transferred to long days. The time neces- 
sary for development of blossom primordia is greatly dependent upon the tempera- 
ture. Stock requires even more time for the formation of blossom primordia, for 
only after 18 days of long-day treatment at a cool temperature were microscopic 
primordia apparent. At the warm temperature, these plants remained vegetative 
on both long and short days. On the other hand, primordia were apparent on 
plants of Xanthium after 5 days of short-day treatment at a warm tempera- 
ture. 

These results indicate that under the most favorable environmental conditions 
microscopic blossom primordia are apparent only after varying lengths of treat- 
ment for different species of plants. Perhaps more important is the fact that unless 
this favorable environmental treatment is continued, even after blossom pri- 
mordia are formed, they will not develop into blossoms but will abort. Xanthium, 
however, does not exhibit this condition. Two to three short days are sufficient 
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to induce this species to produce blossoms, even though the plants have been 
transferred to an environment favorable to vegetative growth. Staminate blos- 
soms may be formed after plants are exposed to but one short day. Therefore soy- 
hodJi, Salvia, Cosmos, and stock require a certain period of exposure to a favorable 
environment for the initiation of blossom primordia, and this period must be con- 
tinued for a length of time after primordia are formed if they are to develop into 
flowers. 

The first question considered in this study is: When do the anatomical changes 
in the stem first become apparent in plants placed in an environment favorable to 
flowering? During this investigation it was observed that the transformations in 
anatomical structure were apparent soon after the beginning of a treatment in- 
ducive to flowering. Salvia illustrates this condition. Stems of plants given 5 
short days displayed a less active cambium than plants that remained on long 
days at a warm temperature. The former also showed a decrease in the differentia- 
tion of number of xylem vessels, sieve tubes, and companion cells (figs. 1-3). Al- 
though alterations in the structure of the stem were apparent after 5 short days, 
microscopic blossom buds were not evident until 8-9 short days. Plants given 
8 short days showed a further reduction in meristematic tissue. Little differentia- 
tion of tissue was in progress at this stage, although a number of the cells were 
becoming thicker walled (figs. 4, 5) . In stems of plants given additional short days, 
the cambial region — which at this time was limited to one or two layers of cells — 
continued to give rise to xylem cells. Few if any phloem cells were being formed 
and these were composed chiefly of phloem parenchyma cells. Continued thicken- 
ing of the walls of the vascular tissue and the pericycle was apparent (fig. 6). The 
stem tips showed progressive differentiation of the primordia into blossom buds. 
The stems of plants that had received 39 short days showed no active cambium. 
The sieve tubes and companion cells were smaller than those in the stems previous- 
ly described (fig, 7). By this time the plant was in flower. 

Similar changes in anatomical structure accompanying blossom initiation were 
observed for soybean, in that alterations in the structure of the stem were apparent 
after 6 short days while blossom primordia were not apparent until 9-12 short days 
at a warm temperature (figs. 8-12). Likewise for soybean, the differences in ana- 
tomical structure became more pronounced as the plants were given additional 
short days. Plants given 39 short days, and which by this time had macroscopic 
blossom buds, showed the absence of a cambium in the stem. There was no evi- 
dence of meristematic tissue and the cells had become increasingly thicker walled 
(figs. 14, is). . 

The alteration of the anatomical structure in Cosmos closely resembles that 
already described for Salvia and soybean (figs. 18-22). Xanthium presents a simi- 
lar condition. It responds more quickly to photoperiod at the proper temperature 





Figs. 1-7. — Stem tips and transections of fourth internode of Salvia: Fig. i, nonflowering plant; 
active cambium present. Figs. 2, 3, plant exposed to 5 short days; no apparent blossom primordia, less 
active cambial region, fewer xylem vessels differentiating, and phloem parenchyma rather than sieve 
tubes forming. Figs. 4, 5, 8 short days; prominent blossom primordia, cambium less active. Fig. 6, 22 
short days; cells of stem thick walled, formation of vascular tissue almost ceased. Fig. 7, flowering plant; 
cells of stem small and thick walled, little or no meristematic tissue present. 

(figs. 28-31). A less active cambial zone was apparent, fewer secondary elements 
were being formed, and the cells surrounding the xylem vessels were becoming 
thick walled. As the primordia developed into blossoms the cambium remained 
somewhat active, giving rise to new xylem vessels (figs. 32, 33). 

Cool temperature delayed the flowering of Xanthium on short days. Plants 
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than do the other species studied. At a warm temperature, 2-3 short days are 
sufiicient to induce this species to flower. Although blossom primordia are not 
present after 3 short days, they are evident on plants that have received 4-5 short 
days or 2 short days and 3-4 long days. Plants given 3 short days showed no dis- 
tinguishable blossom primordia, but the structure of the stem had become altered 
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Figs. 18-27. — Stem tips and transections of fourth internodes of stems. Figs. iS-22, Cosmos: Fig. 18, 
nonflowering plant; active cambium forming vascular tissue. Fig. 19, 3 short days; cambium somewhat 
less active than in vegetative stem. Figs. 20, 21, 12 short days; blossom primordia apparent, stem shows 
reduced cambial activity. Fig. 22, flowering plant; stem has no apparent meristematic tissue. Figs. 23- 
27, stock: Fig. 23, nonflowering plant; vegetative stem possesses features already described for other 
vegetative stems. Figs. 24, 25, 6 long cool days; no primordia apparent, slightly less active cambium. 
Figs. 26, 27, 30 long cool days; blossom buds conspicuous, stem possesses relatively inactive cambium. 
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Figs. 28-38. — Stem tips and transections of fourth internode of Xanthium: Figs. 28, 29, nonflowering 
plant; cambium composed of several layers of meristematic cells; xylem vessels and phloem cells differ- 
entiating. Figs. 30, 31, 3 warm short days; no blossom primordia apparent, less active cambium. Figs. 
32, 33, 7 short days; blossom primordia evident, reduction in amount of meristematic tissue. Figs. 34, 35, 
9 cool short days; plant comparable in development to one given 3 warm short days. Figs. 36, 37, 20 
cool short days; cool temperature delayed budding; structure of stem and tip comparable in development 
with the one given 7 warm short days. Fig. 38, fruiting plant; no apparent meristematic tissue, cells have 
become thick walled. 
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given 9 short days at a cool temperature were comparable in development with 
those given 3 short days at a warm temperature, and plants given 20 short days at 
a cool temperature possessed blossom primordia comparable with those given 7 
short days at a warm temperature (figs. 34-38). 

Stock is classified as a long-day plant. When grown at a cool temperature, how- 
ever, it also blossoms on short days. It requires approximately 18 long days for 
blossom primordia to appear when grown at a medium temperature. In the long- 
day plants, differences in anatomical structure were apparent prior to the ap- 
pearance of blossom primordia. Twenty-four and 30 days of long-day treatment 
resulted in the differentiation of blossom buds and further reduction in meriste- 
matic tissue (figs. 23-27). 

From these observations it is evident that alterations in the vascular structure 
occur relatively early in the development of plants exposed to an environment 
favorable to flowering. What the significance of this might be is not yet known, 
but it is evident from the species examined that although different environmental 
conditions must be used to induce flowering, yet a similar internal structural de- 
velopment of the stem occurs. 

The second question considered is: What is the effect of an environment favor- 
able for vegetative growth upon plants previously exposed to an environment in- 
ducive to flowering? The vascular structure of the stems of those plants that had 
formed blossom primordia but which aborted when the plants were transferred to 
an environment favorable for vegetative growth was examined. Provided the ex- 
posure to the environment inducive to flowering had not brought about sufficient 
changes in anatomical structure, the cambium resumed its activity and differenti- 
ated new xylem and phloem elements. Soybean illustrates this condition. Plants 
given 12 short days possessed blossom primordia. Cross sections of stems indi- 
cated that the cambium was less active than in the vegetative stem, and the walls 
of the cells were becoming thickened. Phloem parenchyma instead of sieve tubes 
and companion cells were being formed. When comparing stems of plants given 12 
short days with those that had received 12 days of treatment, 5 of which were short 
and 7 of which were long, it was found that the primordia were not yet apparent in 
the latter. The cambium in the stems of these plants was active, and vascular tis- 
sue was being differentiated (fig. 13). Twelve short days and 6 long days resulted 
in subsequent abortion of the blossom primordia and return of the plant to the 
vegetative condition. Another group of plants was given 39 days of environmental 
treatment. Some of these plants were exposed to a number of short days and then 
transferred to long days. Plants given 17 or more short days previous to their 
transfer to long days possessed blossom buds that matured into flowers and fruits. 
These plants had stems with little or no apparent meristematic tissue (figs. 16, 17). 
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Twelve long days followed by 12 short days were not favorable for producing blos- 
som primordia in plants of stock. 

When flowering plants of soybean, Salvia, Cosmos, and stock are desired, there- 
fore, it is necessary to expose them to the environment inducive to flowering for a 
greater length of time than just the induction period required for the apparent 
changes in anatomical structure and the formation of blossom primordia. It is not 
sufflcient to secure only primordia, for unless the environment is favorable for 
development of blossoms, abortion will occur. 

The effects which the observed changes in anatomical structure prior to blossom- 
ing may have upon physiological relations have not yet been studied. The fact 
that comparable structural changes occur in plants at the time of blossom induc- 
tion, without regard to the environmental conditions used to initiate the blossom 
state, would seem an added means of studying the nature of blossoming in flower- 
ing plants. 

Summary 

1. Soybean, Salvia, Cosmos, and Xanthmm, all short-day plants, initiate blos- 
som primordia after different durations of exposure to short days. Soybean and 
Salvia require 9, Cosmos 12, and Xanthium 5 days of short-day treatment for the 
appearance of blossom primordia at the appropriate temperature and cultural con- 
ditions. Stock, a long-day plant (at a medium or cool temperature), requires ap- 
proximately 18 days for the appearance of primordia. 

2. In order that the blossom primordia may continue to develop, it is necessary 
to expose the plants studied (except Xanthium) to a favorable environment for a 
greater length of time than just the induction period. Xanthium requires an induc- 
tion period of only 2"“3 short days at a warm temperature for the initiation and 
development of blossom buds. One short day is sufficient for the initiation of 
staminate blossoms. 

3. Alterations in the anatomical structure of the stem occurred early in the 
development of plants placed in an environment favorable to the formation of 
blossom primordia. The first indication of a change in structure was a decrease in 
the number of meristematic cells of the cambial zone. Associated with this was the 
simultaneous decrease in the formation of xylem and phloem cells and a thickening 
of the cell walls of the vascular tissue. The cambium generally remained somewhat 
active, giving rise to new xylem but little phloem. The most recently formed 
phloem was composed almost entirely of phloem parenchyma cells. The stems of 
flowering and fruiting plants had little or no meristematic tissue, and the walls of 
the cells had become greatly thickened. 

4. Plants of soybean, Salvia, Cosmos, and stock exposed to an environment 
favorable to flowering for a limited time only, and then returned to conditions 
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inducive to vegetative growth, soon showed renewed cambial activity and dif- 
ferentiation of vascular elements with the failure of the blossom primordia to 
continue development. Plants of Xanthium given 2-3 short days became repro- 
ductive regardless of subsequent treatment. 


The writer expresses her appreciation to Professors R. H. Roberts and Emma L. 
Fisk for valued suggestions and constructive criticism generously contributed 
throughout the progress of this investigation. 

Department of Horticulture 
University of Wisconsin 
Madison, Wisconsin 
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SIROCLADIUM, A NEW TERRESTRIAL MEMBER 
OF THE ZYGNEMALES 


M. S. RANDHAWA 
(with fifteen figures) 

This alga was collected by the writer from the Kumaon Hills, at an altitude of 
about 5500 feet, in September, 1939. It was found on soft clay under an overhang- 
ing rock, at a distance of about 10 feet from a small waterfall, growing in the form 
of dark green feltlike radial patches about 1-2 cm. in diameter. Unlike some 
terrestrial species of Vaucheria and Oedogonium terrestris, it was never found in 
the form of mats. The moist clay on which it was growing received a light spray 
from the waterfall. The alga was shaded by an overhanging rock on the north 
and by the shade of a tree on the south, and was also protected by another rock, 
so that it never received direct sunlight. 

Observations 

Chloroplasts. — The cells are rectangular in outline, 45--64/X broad and 120- 
210 IX long. Septa are plane. Most of the subaerial cells have two flat, axile, plate- 
shaped chloroplasts, each of which is as broad as the cells, after allowing for thick- 
ness of cell walls. These two chloroplasts lie parallel to each other laterally, and 
in most cases cover each other so completely that the cells seem to contain only a 
single chloroplast (figs, i, 2, 6), and are indistinguishable from those of broad 
species of Mougeotia, 

The margin of these platelike chloroplasts is usually irregular, and each bears a 
number— 4-17 as a rule — of conspicuous pyrenoids, scattered irregularly (figs. 4'”6), 
In some cases the pyrenoids are surrounded with rings of starch particles (fig. 4) . 
The broad platelike chloroplasts completely fill the interior of the cells in fresh 
material, and considerable shrinkage takes place, even when preserved in 4 per 
cent formalin. 

In cells close to the soil the chloroplasts are reduced in size and are 20-30 ju 
broad; that is, approximately half the size of the cells. When seen edgewise these 
chloroplasts appear as linear, threadlike bodies. In some cases these narrow plates 
overlap in such a manner that they simulate a single plate and their double nature 
is seen only by a change of focus under the high power. As one follows the cells 
into the soil, a gradual reduction is noticed in the size of the two platelike chloro- 
plasts, which are ultimately reduced to two linear threadlike chloroplasts joined 
together by a cytoplasmic isthmus in which a pale blue conspiGuous nucleus is 
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seen. Pyrenoids in these reduced chloroplasts are also considerably attenuated 
(figs. lo-is). Further down only fragments of chloroplasts remain in some cells, 
while the others are almost empty. 

Rhizoids. — The subterranean cells are usually much elongated and are narrow- 
er as compared with the subaerial cells, as in most terrestrial algae. In some cases 
the terminal cells are drawn out into rhizoidal structures (figs. 12, 15), and occa- 
sionally even an intercalary cell gives out a rhizoidal structure laterally (fig. 5) . 
Some of the intercalary cells which happen to get buried under soil particles 



Figs. 1-3. — Sirocladium kumaoensis gen. et sp. nov. Figs. 1,2, subaerial cells showing chloroplasts. 
Considerable shrinkage of protoplasm and chloroplasts occurred in this preserved material. Fig. 3, ripe 
zygospore and sterile cell (st). 

lengthen considerably and serve a rhizoidal function (figs. 13, 14). Even branching 
may be observed in some of the rhizoidal cells (fig. 10). 

Conjugation. — The mode of conjugation in Sirocladium is similar to that of 
Sifogonium. Filaments in all stages of conjugation were collected on September 7, 
and mature zygospores were seen in abundance on September 23 and also Oc- 
tober 17, the last collection. There is a noticeable difference in the size of male 
and female cells, and the latter are loaded with starch and other food materials. 
The filaments are usually much more coiled in conjugating than in sterile material, 
and probably this helps in the process by providing points of contact which stimu- 
late tactile responses. As in SirogoniuMj only a single sterile cell is cut off from the 
female cell, while one or two sterile cells are cut off from the cell which ultimately 
functions as the male (figs. 4, 6). Mucilaginous pads are seen at the point of con- 
tact between the mating cells (fig. 3). As in Sirogonium, conjugation is of a typi- 
cally geniculate type, although in some cases lateral cell walls may be lengthened 
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at the point of junction, simulating a tube (fig. 8). Zygospores are ellipsoid in 
shape, 42-joix broad and ioo-^ii8ju long. Ripe zygospores are yellowish brown 
in color, with a smooth mesospore. Conjugation takes place not only among sub- 
aerial cells, but in some cases it was noticed that even underground cells conjugated 
and produced ripe zygospores. In such cases the conjugating cells as well as the 
neighboring ones do not contain chloroplasts, although they are somewhat rich 
in protoplasm (fig. 8). 

Azygospores. — As in certain species of Spirogyra and Zygnema, the contents 
of the male cells in some instances develop into rounded az}^gospores (fig. 7). This 



may be due to the fact that after the formation of a male cell has been induced 
by contact with another filament, that filament is displaced and moves apart, 
owing to action of air or impact with drops of water. 

Discussion 

So far as the mode of conjugation is concerned, Sirocladmm xestmhhs Sirogoni- 
um; there is the same elimination of conjugation canals and inequality in the size 
of the conjugating cells. In the structure of its chloroplasts, however, this alga 
resembles certain broad species of Mougeotia, and in its habit, species oi Zygo- 
gonium dJiA Zygnema terrestris (2). More minutely considered, the chloroplasts 
of Sirodadium are unique; while chloroplasts of Mougeotia are axile, in this alga 
the two broad plates are lateral in position. 
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Only a system of classification of Zygnemales which takes into consideration 
both the structure of chloroplasts as well as the modes of reproduction can be re- 
garded as satisfactory (3). Czurda (i) bases the genera of Zygnemales on the 
structure of chloroplasts alone, but this concept involves difi&culties and incon- 
sistencies. According to such a system it is not difficult to group together forms 
like Zygnema^ Zygogonium^ Pleurodiscus^ and Zygnemopsis into an all-embracing 
genus Zygnema; and Mougeotia, Deb ary a, and Temongametum into MougeoHa; but 
an alga like the present one presents a problem. If Czurda’s system of classifica- 
tion is followed, the present form must be placed close to Mougeotia. If only the 
mode of reproduction is considered, widely diverse forms will be brought together; 
for example, species of both Zygnema and Spirogyra show anisogamous conjuga- 
tion, which hardly justifies grouping them together in the same genus. Following 
the same principle, the mere presence of geniculate conjugation and absence of 
conjugation canals do not justify the inclusion of the present alga in genus Siro- 
gonium. When the alga was originally collected, in a sterile condition in early 
September, the broad platelike chloroplasts of the subaerial cells indicated a ter- 
restrial species of Mougeotia, and only when conjugating cells were found was its 
affinity with Sirogonium suggested. Moreover, no terrestrial species of Sirogonium 
is known so far, and platelike chloroplasts are not known in any species of Sirogo- 
nium. It is true that the reduced chloroplasts in some of the subterranean cells 
show resemblances with some species of Sirogonitm, in which the number of 
chloroplasts is few, but even then the resemblance is superficial, for there is no 
known species of Sirogonium in which the number of chloroplasts is reduced to 
the fixed number of two. In nearly all the species of Sirogonium the number of 
chloroplasts is usually 5-8 or more, and only in a few cells are they reduced to 
one or two on account of certain physiological factors. Its peculiar terrestrial 
habitat, its varied chloroplasts, and its mode of conjugation, justify the formation 
of a new genus of the Zygnemales, which is named Sirocladium. 

Sirocladium tzkts its place in the family Mougeotiaceae of the order Zygne- 
males, next to Sirogonium. So far as its terrestrial habit and presence of rhizoids 
is concerned, it is certainly a more advanced and specialized form than Sirogonium. 
It is futile to make any generalization about the comparative primitiveness or 
advanced nature of axile platelike chloroplasts as compared with semi-spiral or 
straight bandlike chloroplasts, for each represents an adaptation toward particu- 
lar environmental conditions. 

Sirocladium gen. nov. 

Filaments usually simple with lowest cells drawn out into rhizoids, rarely with 
lateral branches of a few cells in the subterranean part. Cells cylindrical with 
plane septa, each containing two lateral plate-shaped chloroplasts which in cells 
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close to the soil or partly subterranean are reduced to two bandlike wavy bodies. 
Conjugation direct between genuflexed cells, without the intermediation of conju- 
gation tubes. One or more sterile cells cut off from both female and male cells, the 
former considerably larger than the latter. Zygospores ellipsoid. The only record- 
ed species is terrestrial in habit. 

Sirocladium kumaoensis sp. nov. 

Characters as those of the genus. 

Vegetative cells 45-64^6 broad and 120-210/i long; fertile cells inflated up to gopi 
in diameter; zygospores ellipsoid, 42-68/x diameter, 102-iiSfjL long; spore wall 
smooth, yellowish brown. 

Growing on moist clay under a shady rock in Kumaon Hills, Himalayas, Al- 
mora U.P., India, in September and October, 1939. 

Hewett Park 
Agra 

U. P., India 
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CHROMOSOMES OF SOME ALISMACEAE 

ELEANOR MARIE OLESON 
(with nine eigures) 

Introduction 

Liehr (i) determined the diploid chromosome number of Alisma plantago L. 
as 12. WuLFE (lo) reported it as lo, but was uncertain as to the accuracy of his 
count since the chromosomes are long and twisted. 

Liehr (i) reported i6 as the diploid number in Sagittaria sagiUifolia L. Lo- 
HAMMAR (2), however, found 22 in this species, as well as in S. natans Pallas. Ac- 
cording to Lohammar, there is little cytological difference between the two species; 
while the chromosomes differ somewhat in size, the idiograms of the two are simi- 
lar. In both species there are two long chromosomes with central fiber-attachment 
constrictions. One, possibly two, have primary constrictions at approximately 
one-third the distance from one end. The other chromosomes have subterminal 
constrictions. In the metaphases they are long and twisted. Taylor (8) reported 
20 as the apparent diploid number in S. montevidensis Cham, and Schlecht. but 
found difficulty in counting the long twisted chromosomes. In two, possibly four, 
of the chromosomes the primary constrictions are median; in the others they are 
sub terminal. 

Nawa (5) found 20 to be the diploid number in S. trifolia var. sinensis (Sims) 
Makino. For the same species, Morinaga and Fukushima (3) reported ii as the 
haploid number and 22 as the diploid. According to the latter investigators there 
are 2 long chromosomes with median fiber attachments; 2 have subterminal and 
18 have terminal fiber attachments. In S, aginashi Makino, Shinke (6, 7) de- 
termined the haploid number as ii, the diploid as 22. The chromosomes fall 
roughly into four groups with respect to size and position of fiber-attachment 
points. Two long chromosomes have central fiber-attachment constrictions. Two 
very short chromosomes are rod-shaped, the position of the fiber-attachment 
points not being designated. The remaining 18 are rod-shaped with sub terminal 
primary constrictions. They are divided into two groups; in one the constrictions 
are clear and deep, in the other group they are obscure. The internal spiral struc- 
ture of the meiotic chromosomes was studied in detail. Narasimha Mxjrthy (4) 
found the haploid number in Limnophyton oUusifolium (L.) Miq. to be 12. 

Table i gives the chromosome numbers reported for members of this family, 
including the results of the present study. 
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Material and methods 

During the summer months of 1939, root tips and buds of Alisma plantago L., 
Sagittaria latifolia Willd., and S. rigida Pursh. were taken from plants growing in 
marshes in Columbia County, Wisconsin, and immediately fixed, using Flem- 
ming^s medium solution and Belling’s and Randolph’s modifications of Navashin’s 
formula. Sections were cut at 10 jit. 

Material fixed in the Flemming solution was stained with Heidenhain’s iron- 
alum haematoxylin. The crystal violet-iodine stain followed by picric acid was 
used with a portion of the material fixed in Selling’s and Randolph’s solutions. 

TABLE 1 


Species 

n 

2W 

Investigator 

Alisma plantago 


12 

Liehr, 1916 

Wulff, 1939 

Oleson 

A. plantago 


10 

A. plantago 


14 

Limnophyton obtusifolium 

12 

Narasimlia Murthy, 1933 
Shinke, 1929, 1934 

Oleson 

Sagittaria aginashi 

II 

22 

S. latifolia 

II 

22 

S. montevidensis 

20 

22 

Taylor, 1925 

Lohammar, 1931 

Oleson 

S. natans 


S. rigida 


22 

S. sagittifolia 


16 

Liehr, 1916 

Lohammar, 1931 

Nawa, 1928 

Morinaga andFukushima, 1931 

S. sagittifolia 


22 

S. trifolia vai*. sinensis 


20 

S. trifolia var. sinensis 

II 

22 


La Cour’s crystal violet-iodine schedule was used for the remainder of the material. 
Material fixed in Selling’s solution and stained by La Cour’s method was found 
most satisfactory for the study of chromosomes. 


Observations 

The somatic chromosome number in Alisma plantago (figs. 1-3) is 14. This 
number does not agree with that reported either by Liehr (2# = 12) or by Wullf 
{2n = 10). For this reason the count here given was decided upon only after a con- 
siderable number of favorable equatorial plates and anaphase figures were exam- 
ined and drawn. 

The chromosomes are long and twisted in equatorial-plate figures. They may 
be classed as long, medium, and short. Primary constrictions are of two types, 
median and subterminal. Four chromosomes are long, 2 having median and 2 
subterminal constrictions. The remaining 10 have subterminal constrictions; 6 
of these are of medium length and 4 are short. The primary constrictions are con- 
spicuous in most cases. Secondary constrictions are generally obscure and were 
observed in only a few instances. In one equatorial plate (fig. 2) an already 
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divided satellite is attached to the short arm of one of the short chromosomes. 
The length of the attaching fiber equals approximately the diameter of the chro- 
mosome body. The homologous chromosome can be identified, but it is in a 
crowded position and the presence of a satellite cannot be determined. 



Figs. i, Alisma plantago, equatorial plate. Fig, 2, same showing one short chromosome 

with divided satellite. Fig. 3, same showing anaphase with 14 chromosomes in each group. Figs. 4, 5, 
Sagiitaria latifoUa, equatorial plate. Fig. 6, same, microspore. Metaphase showing one chromosome with 
divided satellite. Figs. 7, 8, 9, S. rigida^ equatorial plate. 

* Drawings made with camera lucida, using Spencer 1.5 mm. objective and compensation ocular 12 X. All except fig, 6 are 
from cells of root tips. X 2200. 

The haploid chromosome number in SagiUaria latifolia (fig. 6), determined from 
division figures in microspores, is ii. Five chromosomes are long, 4 of medium 
length, and 2 short. Primary constrictions are commonly obscure. Two long 
chromosomes have median constrictions; in the others the constrictions are sub- 
terminal. One short chromosome has been seen to have a rather large divided 
satellite attached to the short arm (fig. 6) . 
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Twenty-two chromosomes appear during mitosis in root-tip cells (figs. 4, 5). 
They are long and twisted in equatorial plates. Ten chromosomes are long, 8 of 
medium length, and 4 short. Primary constrictions are usually conspicuous and 
deep. Four of the long chromosomes have median constrictions; the other 18 
have subterminal constrictions. Secondary constrictions are visible in only a few 
cases. Satellites were not observed in somatic cells. 

In Sagittaria rigida (figs. 7-9) 22 chromosomes are present in somatic cells. 
The chromosomes are of approximately the same size and the same general ap- 
pearance as in S, latifolia. The primary constrictions are commonly distinct. Ten 
chromosomes are long, 2 having median and 8 subterminal constrictions. Eight 
chromosomes are of medium length, 2 having median and 6 subterminal con- 
strictions. There are 4 short chromosomes with subterminal constrictions. Sec- 
ondary constrictions appear in the long arms of a few chromosomes with sub- 
terminal primary constrictions. Satellites were not observed. 

It is suggested that the basic chromosome numbers of the Alismaceae thus far 
studied are 7 in Alisma, 12 in Limnophyton, and ii in Sagittaria. Although diploid 
numbers of 16 and 20 have been reported for certain species of Sagittaria, and 12 
and 10 by previous observers for A. plantago, there is some uncertainty as to the 
accuracy of these numbers. My observations on the last-named species seem to 
indicate that previous counts were erroneous, unless varieties occur with different 
numbers. 

Summary 

1. The diploid chromosome number in Alisma plantago is 14. In Sagittaria 
latifolia the haploid chromosome number is ii, the diploid number 22. The dip- 
loid chromosome number in S. rigida is 22. 

2. The chromosomes of these three species are similar in size and appearance. 
Primary constrictions are of two types, median and subterminal. The chromo- 
somes may be distinguished as long, medium, and short. 

3. Satellite chromosomes of A. plantago and S. latifolia show the same general 
characteristics as to length of chromosome body, position of the primary constric- 
tion, and size of satellites. 

4. Basic chromosome numbers are probably 7 in Alisma, 12 in Limnophyton, 
md 11 in Sagittaria. 

The writer is indebted to Dr. C. E. Allen, under whose direction this work was 
'done.,y 

Department OF Botany 
University OF Wisconsin 
. Madison, Wisconsin 
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CURRENT LITERATURE 


Experimentelle Cytologie. By Hans H. Pfeifter. A New Series of Plant Science Books, edited 
by Frans Verdoorn. Vol. IV. Waltham, Mass, (formerly Leyden) : Chronica Botanica Co., 
1940. Pp. 243. Figs. 28. $4.00. 

This text constitutes a survey of the scope, methods, and results of contemporary research 
in experimental plant cytology. The purpose of Dr. Pfeiffer is to fill a gap in plant science 
literature. He admits, however, that an exhaustive review of experimental work on plant cells 
with its diverse viewpoints cannot be presented in such a small volume; many results of a purely 
chemical, physical, and genetical nature are therefore omitted. Even so, a vast amount of litera- 
ture concerning the application of experiment to problems of cellular and tissue development 
has been assembled, and many phenomena have been correlated and presented. Selection, ar- 
rangement, and theoretical treatment of the material reflect the author’s previous methodo- 
logic-analytical efforts and are predominantly based on his own research and on that of Kuster, 
Frey-Wysslingh, and other European investigators of normal and pathological plant and ceil 
structure. 

The first three chapters are introductory, dealing with the scope of experimental cytology: 
the material, methods, and agents used in the experimental production of cellular reactions or 
formation of cell structures, and form and size changes of the cell, nucleus, and plastids. Chap- 
ters follow on the basic physiological properties of protoplasm and the living cell, such as struc- 
ture, physico-chemical and biological properties of protoplasm; osmosis; permeability; viscosity; 
vital staining; electrophysiologicai experiments; ionic, pH, and radiation effects. 

In the remaining portion changes in visible cell structure and typical cellular functions, as well 
as the submicroscopical processes underlying them, are discussed in relation to different experi- 
mental treatments, in chapters on cell growth; differentiation, dedifferentiation and necrosis; 
explantation of cells; mitosis; cytokinesis; dislocation experiments; micrurgy; extraction and 
introduction of cellular components and substances. 

Emphasis is laid on the general morphological and physiological behavior of the cell rather 
than on cell division, the nucleus and the chromosomes. The attitude is analytical and com- 
parative throughout, with no preference for any particular experimental method, and^ — though 
the treatment is often somewhat sketchy — the danger of oversimplifying complex phenomena 
has been avoided. Lists of important papers and texts are given, but unfortunately citations for 
most of the papers mentioned in the text are omitted. Several topics, which the student of 
present-day cytology might expect to find, are not discussed, such as effects on the cell of natural 
and synthetic growth substances, enzymes, and colchicine, as well as the work on nucleic-acid 
metabolism, polyploidy, and tumor production. In addition to the author and subject index, 
there is a survey of important cytological contributions from 1748 to 1939. 

The volume should prove useful in connection with the present standard texts of general and 
comparative plant cytology, none of which has yet synthesized our somewhat unconnected 
knowledge in the various fields of experimental cytology. Investigators will find it helpful as an 
outline of experimental methods and general results, and for its many references; it should 
prove stimulating to the students of morphology and morphogenesis, and to the general cytolo- 
gist it may serve as a botanical supplement to James Gray’s textbook.-— Robert Bloch. 
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NUTRITION OF THE MYXOMYCETES. II. RELATIONS BE- 
TWEEN PLASMODIA, BACTERIA, AND SUBSTRATE 
IN TWO-MEMBERED CULTURE"' 

A. L. COHEN 
(with one figure) 

Introduction 

Under natural conditions, the myxomycetes are constantly found associated 
with microorganisms of many kinds, including bacteria, yeasts, molds, and proto- 
zoa. This association prevails not only during the vegetative stages of the myxo- 
mycetes but in the fruit as well, for sporangia have been found to contain the 
spores of bacteria and fungi and the cysts of protozoa, all extruded from the plas- 
modium during its fructification (22). Although this continual association with 
microorganisms has been noticed by many (19), the amount of sound correlative 
work on such relations is relatively slight. It has been mentioned previously 
(5) that factors other than the quantity of bacterial food operate in mixed cul- 
tures, and the present paper is an attempt to elucidate these factors. 

Literature review 

The reports of other workers on the relationships between myxomycete plas- 
modia and bacteria have been reviewed previously (5). It is established that plas- 
modia and myxamebae can ingest and digest a number of different microorgan- 
isms, but relatively few detailed studies have been made on the general types most 
readily ingested, the conditions governing ingestion, and the other factors con- 
cerned. 

In considering the relations in two-membered cultures, two statements previ- 

^ Contribution from the Laboratories of Cryptogamic Botany and the Farlow Herbarium, Harvard 
University, no. 188. 
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ously discussed (5) may be at once dismissed: Chrzaszcz’s (2) claim that the 
microorganisms and the myxomycetes are in competition for the supplied medium, 
and Henneberg’s (8) conclusion that the myxomycete feeds mainly on the meta- 
bolic products of the microorganisms rather than on the microbes themselves. 

Skupienski (26) has maintained that a symbiosis exists between each species of 
myxomycete and a particular species of bacterium, chiefly because plasmodia were 
often found associated each with a single species. From reports by other workers, 
and from the evidence presented here, it would not seem that a constant associa- 
tion in gross culture or in nature is alone a reliable criterion of symbiosis. 

A further consideration of the relations between myxomycetes and bacteria ap- 
parently shows no correlation between the morphological types of the bacteria and 
the ability of plasmodia to assimilate them. Watanabe (29) found that although 
the five most suitable bacteria in his graded list were Gram positive, they agreed 
in no other respect; others found Gram-negative bacteria to be equally well assimi- 
lated (28, 14; cf. 5). Watanabe’s conclusions were based on the chemotaxis of 
plasmodia in association with the bacteria on nonnutrient agar; the suitability of 
the bacteria as food was judged by the degree to which the plasmodia followed and 
fed on the streak microorganisms; but, as shown later, this method cannot be ac- 
cepted as altogether reliable. 

Because of the paucity of data on the myxomycetes it is necessary to turn to 
studies of other types of organisms for light on the relations in two-membered cul- 
tures — the Acrasieae and the protozoa. 

A thorough study of the relations between Dictyostelium discoideum Raper and 
the associated bacteria has been made by Raper (23, 24). Although he found that 
D. discoideum is constantly associated with Vibrio alkaligenes Lehm. andNeum., 
it grew much better when certain other bacteria were used as associates. In two- 
membered cultures with bacteria the growth of the Dictyostelium was limited 
chiefly by the hydrogen-ion concentration of the substrate. Dictyostelium would 
not feed on those bacteria which raised the pH to a considerable degree; but if the 
increased alkalinity were prevented by buffering or using fermentable sugars, ex- 
cellent development often occurred. The physical nature of the bacterial colony 
was also an important factor, for the Dictyostelium would not grow on bacteria 
which formed large amounts of slime, or which formed tough matted colonies (for 
example, Bacillus mycoides) difficult for the myxamebae to ingest. As with the 
myxomycetes, the feeding ability could not be correlated with morphological char- 
acters such as flagellation, spore formation, and Gram reaction. 

The Gram reaction of the bacteria appears to be of little importance in deter- 
mining the feeding behavior of the protozoa, although there is an impression that 
Gram-negative bacteria are in general more favorable as food than Gram-positive 
ones. This belief stems chiefly from the researches of Oehler (20), who found that 
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of five amebae studied, one or two definitely preferred Gram-negative forms. In 
later papers (summarized in 21) Oehler found the ciliates, Colpoda steinii and 
C. cuadlus, could be fed on a great variety of bacteria, refusing only the acid-fast 
ones. Furthermore, it was with the Gram-positive Bacillus subtilis that Hargitt 
and Fray (7) obtained their best two-membered cultures oi Paramecium, a finding 
supported by Johnson (13) and Leslie (17). Cleveland (3, 4) also found, in 
general, better growth of the flagellate Tritrichomonas fecalis on Gram-positive 
bacilli than on Gram-negative bacteria; and as in Oehler’s work, only the acid- 
fast bacteria were refused (4) . To the writer's knowledge, the acid-fast bacteria 
and the actinomycetes have never been successfully used in the cultivation of 
protists (21,4, 25), although Leslie (17) found a poor growth of Paramecium on 
mycobacteria. 

Other factors seem to be more important than the Gram reaction. Slimy bac- 
teria are not easily ingested either by myxomycetes, Acrasieae, or amebae (5, 23, 
6). The metabolites of the bacteria are often important; thus highly putrefactive 
or fermentative bacteria are inimical (7), as well as those which produce certain 
nitrogenous substances, such as ammonia, urea, and trimethylamine. By using a 
medium in which these substances are not formed (20), however, it can be shown 
that the bacteria are not intrinsically unsuitable for food. Kidder and Stuart 
(15) claim that the pigments of certain chromogenic bacteria are toxic for the 
ciliate Colpoda, and Hetherington (9) has shown that as marked differences can 
exist between the strains of a particular species as between genera. 

It is clear that there are divergent results and opinions on the myxomycetes and 
other bacterial feeders in their relation to the bacteria. The present paper at- 
tempts to clarify these relations. Myxomycete plasmodia possess the great ad- 
vantage of being macroscopic, and many of the changes taking place in two-mem- 
bered cultures are therefore easily observed. 

Material and methods 

Two media were used mainly in these experiments, an oatmeal agar similar to 
the OA previously described (5) but prepared more exactly, and a yeast-extract- 
starch agar (YSA). The oatmeal agar was prepared by placing 0.5 gm. of oat- 
meal and 20 cc. of agar buffered at pH 6.0 (6.0 UA of 5) in each 125 cc. Erlen- 
meyer flask, which was then plugged and autoclaved. The YSA was prepared by 
adding to the 6.0 UA 0.5 per cent Difco yeast extract and 2 per cent soluble starch. 
After the starch and agar had been dissolved by heating, 20 cc. of the medium was 
placed in each 1 25-cc. flask and the flasks plugged and autoclaved. 

The plasmodia chiefly used were those of Badhamia foliicola List., strain 13, 
and B. magna Peck, strain 51. In addition, the following were used in several ex- 
periments: sp., strain ii; B. utricularis Berk., sirnm 22; Didymium 
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squamulosum Fr., strain 14; Physarum polycephalum Schw., strain 24; and Stemo- 
nitis axifera MacBr., strain 21. 

In most of the experiments it was desired to use comparatively large inocula 
of as uniform size as possible; and in view of previous observations of the physio- 
logical differences between plasmodia of the same species grown under different 
conditions, it was further desired that all inoculations of a single species be made 
from a single stock plasmodium. After some experimentation, it was found that 
large, pure-culture plasmodia for inoculation could be grown on autoclaved yeast 
(YA) in large Roux flasks (5). One hundred and fifty cc. of agar buffered to a pH 
of 6.0 (6.0 UA; 5) was placed in each flask and the flasks plugged and autoclaved. 
After autoclaving, the flasks were laid horizontally until the agar had solidified. 
Excessive condensation of water was prevented by drying the flasks in an incu- 
bator for several days. 

To each flask 1.5 cc. of YA was added under sterile precautions, the yeast 
suspension distributed over the agar, and each flask inoculated with as large a 
pure culture inoculum of the particular plasmodium as was feasible. The flasks 
were incubated horizontally at 25° C. until most of the yeast was consumed and 
then stored at 1 2° C. until needed. With experience, large plasmodial fans of about 
equal thickness throughout could be obtained; and by removing plasmodial frag- 
ments of equal area, approximately equal quantities of inoculum were obtained. 
For this purpose a punch-cutter was employed, made of a short length of nichrome 
tubing of 5 mm. internal diameter riveted to a brass handle. The cutting edge of 
the tube was slightly beveled on the exterior side for easier cutting. The punch 
was flamed, introduced into the flask and cooled, and then as many cuts made as 
necessary. The material was transferred to the culture vessels by means of a flat- 
tened nichrome needle. 

After autoclaving to remove the agar, the dry weights of the inocula were ob- 
tained by placing the coagulated plasmodia on weighed cover slips and drying to 
constant weight. The weights thus obtained were between o.i and 0.2 mg. in al- 
most all samples. 

The bacteria^ were suspended either in yeast-extract broth (YE, 5) or in yeast- 
extract-dextrose (YED, 5) and incubated at least 48 hours at 2.5° C. before use. 
They were then inoculated into the flasks of OA by means of Pasteur pipettes. 
Not more than two or three drops were employed, and the inoculum was dropped 
directly on the plasmodium and surrounded it. If the plasmodia were not well in- 
fected, they would move away from the point of inoculation, leaving the bacteria 
behind with consequent delay in feeding and growth. 

2 The bacteria were obtained from a number of sources and are now deposited with tbe Laboratory 
of Plant Physiology of Harvard University, under identifying strain numbers. 
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Results 

Bacteria associated with plasmodia 
In view of statements that several species of bacteria were found in constant as- 
sociation with different plasmodial species of myxomycetes and Acrasieae (22 j 23, 
26 j 28), a qualitative analysis of the microbial flora of gross cultures of plasmodia 
was undertaken to determine the significance of their association. 


TABLE 1 


Name or isolation 

NUMBER OF BACTERIA 

Myxomycetes 

Badhamia 

SP. 

B. FOLI- 

icola 

B. UTRICU- 

laris 

PhYS.‘\RUM 

POLYCEPH- 

ALUM 

Stemonitis 

AXIFERA 

I* 

+ 

+ 

+ 

+ 





II 





Ill 





IV 





V 

4-4- 

-f4-l- 

4- 

4-4-4- 

4-h4- 

4-4-4- 

4-4-4- 

4-4 — h 
4-4-4- 

Ps. schuylkilliensis . . . 
Pfi. annulata 


VIII 




4-4-4- 

4- 

4- 

4- 

4- 

IX 





X 





Ps. ovalis 



-1- 


XII 




XV 



4" 

4- 


XVI 





XVIII 



4-4- 

4- 

4- 


B. fulvum 





XXI 





XXII 



4- 

4- 


B helvolum 



4- 

4“ 


B . coli 


4- 

4-4-4- 


XXIX 

+ -h+ 

4-1-4- 



* Characters of unidentified forms.— Gram negative and cephalotrichous: I, II, III, IX, X, 
XV, XXI, XXII. Peritrichous; V. Gram positive and motility undetermined: IV(?), XVI. 
Liquefy gelatin: I, II, V, VIII, X, XII, XV, XVI, XXI, XXIII; others do not. Surface 
growth in yeast-extract agar stab: III, IV, VIII, IX, XXII; others deep growth as well (X, 
XII, XXIII show only slight deep growth). 


The six plasmodia used (with the exception of Didymium squamulosum) had 
all been grown in gross culture on OA for some time. Gross culture sclerotia were 
placed on OA of pH 6.0 in large moist chambers and kept in diffuse light at 25^ C. 
until most of the plasmodia had fruited, thus demonstrating favorable conditions 
for completion of the life cycle. Suspensions were prepared from these cultures, 
plated on the same medium, and incubated in the dark at 25° C. for 5 days. Twen- 
ty-five distinct colonies were obtained, which were examined for purity and sub- 
sequently cultured and stored on YE or on YED. Table i shows the characters of 
the bacteria and their relative frequency (as indicated by the number of + signs) 
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with each myxomycete. Duplicate isolates and bacteria of adventitious origin are 
omitted from the table. In addition to the bacteria listed, there are two species 
not isolated as just described. No. XXIII was isolated from a culture of Didymium 
squamulosum and Sacckaromyces ellipsoideus on plain agar. It appeared to be the 
only bacterial species present. No. XXVIII, Bacillus pabuli SchiebL, a starch- 
hydrolyzing bacillus, was found as a contaminant in oatmeal cultures when the 
oatmeal was insufficiently autoclaved. 

Table i indicates that these bacteria are almost all Gram negative, the majority 
liquefy gelatin, and most of them are motile. Their growth shows nothing very 
characteristic, and they are — superficially at least — ^referable to those two great 
heterogeneous groups of common soil and water bacteria, ^^Achromobacter^' and 
^^FlavobacteriumJ'^ It should be noted further that, with the possible exception of 
the associate of D, squamulosum, no one of these bacteria was constantly and ex- 
clusively associated with a particular myxomycete; those which were strikingly 
abundant on one isolation plate were also abundant on several. D, squamulosum 
was not grown in the same manner as were the other organisms, and the conditions 
in a S. ellipsoideus enrichment plate (5) may well have allowed the development of 
a single bacterium to the exclusion of others. 

Preliminary experiments showed that all but a very few of these bacteria formed 
good two-membered cultures with myxomycete plasmodia. In view of the fact 
that there were no constant associates, the attempt to study these associations was 
abandoned. Instead a study was made of the range of known bacterial forms on 
which the myxomycetes could feed. 

Studies with known organisms 

As pointed out in the literature review, most general rules determining the abil- 
ity of protists to feed on bacteria according to ^ffiatural” groupings have sufficient 
exceptions to invalidate them or else insufficient data to support them. It was de- 
sirable, therefore, to determine whether any similar generalities could be made for 
the myxomycetes, and for this purpose a division of the bacteria into reasonably 
consistent natural groups was necessary. The manuals and systems of bacteriology 
extant are either out-of-date or else form groups which are hardly consistent (i). 
These classifications have been discussed by Kluyver and van Niel (16), who 
proposed an improved, . simplified system. A number of known strains of bacteria 
were collected to represent as far as possible the tribes and genera defined by these 
writers. These bacteria and several of the determined species isolated from myxo- 
mycete gross cultures were used for further study. 

The bacteria and the two myxomycete Badhamia foliicola strain 13 

and B. magna strain 51, were inoculated, each in duplicate, into OA flasks in the 
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manner described under methods. The results of this experiment are summarized 
in table 2 for 5 . magna. 

Because they grew little if at all on the OA, and furnished no nutrient for the 
plasmodia which likewise did not grow, the following bacteria used in these experi- 
ments are excluded from table 2: Micrococcus {Staphylococcus) aureus Migula, 
M. {Staph.) citreus Migula, Sarcina lutea Schroeter, Sporosarcina {Sarcina) ureae 
Beij., Betacoccus arabinosaceus Orla-Jensen, Bacterium {Cellulamonas) liguata 
McBeth and Scales, and Zymobacillus macerans Schardinger. 

I . Natural groups of bacteria in relation to feeding. — Table 2 shows 
that there is no general correlation between the tribes and genera of these bacteria 
and the ability of the plasmodia to feed. There is but one group characteristic 
which limited the growth of the plasmodia, and that is the very limited growth 
on OA of several of the cocci: the Micrococcaceae {M. citreus ^ M. aureus), the 
Sporosarcineae {S. ureae), the Sarcineae ( 5 . lutea), and the Streptococceae {Be- 
tacoccus arabinosaceus) . Micrococcus albus and Micrococcus sp., which grew fairly 
well on this medium, also supported fair to good growth of the plasmodia. 

The acid-fast bacteria, Mycobacterium spp., Proactinomyces sp., and Actino- 
myces sp., supported fair to excellent growth of the plasmodia, although these 
forms have been found unsuitable for the cultivation of other protists (21, 25, 4). 
The Gram-positive Bacilleae (fig. lA), with the exception of B. subtilis and the 
Gram-positive Kurthia zopfii, supported as good growth as members of the Gram- 
negative genus Bacterium. 

II. Physical nature of bacterial colony in relation to feeding. — The 
physical nature of the bacterial colony often determines the ability of the plas- 
modia to feed. Thus the slimy capsules formed by several bacteria markedly in- 
hibit feeding (table 2). The young colonies of some bacteria are rather slimy or 
moist (for example, Ps. annulata) but later become more or less dry, with corre- 
spondingly increased ease of attack by the plasmodia. The feeding on dry com- 
pact colonies differs characteristically from that on moist slimy ones. The plas- 
modium attacks dry colonies by crawling over them as a fan, and the colony may 
often be seen through the transparent layer of myxomycete protoplasm. This the 
writer has called central feeding (table 2), since the plasmodium may cover the col- 
ony to the very center. On the other hand, in the peripheral feeding on slimy col- 
onies, the plasmodium banks up against the edge of the colony without penetrating 
or covering it. The plasmodium is more or less immobilized, and growth is ex- 
hibited as a gradual extension of the protoplasm around the edge of the colony 
from the initial feeding point. 

Growth is generally much slower on slimy colonies than on relatively dry ones; 
but if the plasmodium establishes itself, it may finally creep over and destroy the 
colony entirely. In such a case the fan is irregular, the strands of plasmodium be- 
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TABLE 2 


Bacteria 
(tribe, species, 

STRAIN KCMBER) 

Growth of 

PLASMODIA 

Taxis 

TOWARD 

COLONY 

Length 

OF LIFE 

(days) 

Type of 

FEEDING 

Final pH 

of 

CULTURE 

Condition of plasmodia 
at end of culture 

Pseudomonadineae 

Pseudomonas annulata 







Ches. Ps 2 

+ 

+ 

6 

pt 

4.5 

Dead 


+++ 

+ 

40 

p 

7.6 

Dead 

Ps. sdiuylldlliensis Ches. 




ct 



Ps3 

+ + + 

+ 

27 


Sclerotized and dead 

+ + + 

+ 

27 

c 

8.0 

Sclerotized and dead 

Rhizobium trif olii Dang. 






Rhi* 

+ 


6 

p 

4-9 

Dead 


+ 

+ 

6 

p 

5-2 

Dead 

Micrococcaceae 
Micrococcus albus Buch. 







Mcc3 

+ + 

0 + 

54 

c 

7.6 

Dead, dissociated 


+ + 

+ 

40 

c 

7.1 

Dead 

Micrococcus sp. Mcci. . 

H — h+ 

+- 

40 

C 

6.1 

Dead 

+++ 

+- 

40 

C 

7.6 

Dead, dissociated 

Mycobacterieae 






Mycobacterium sp. Mci 

_j_ 

— 0 

IS 

c 

5-3 

Dead 

+++ 

- 0 + 

40 

c 

5-6 

Sclerotized, disso- 
ciated 

Mycobacterium sp. Mc 2 

"kd — }- 

0 + 

54 

c 

6.5 

Living 


+4-+ 

+ 

54 

c 

6.5 

Living 

Bacterieae 

Kurthia zopfius Trev. 







Ki 

+++ 

+”+ 

40 

c i 

3-8 

Dead 


+++. 

+ 

54 

c 

5-9 

Living 

B acterium acidilactici 






Mg. Bt 6 

+++ 

+ 

54 

c 

4.2 

Dead 

+++ 

+ 

40 

c 

7.4 

Dead 

B. ceramicolaLundestad 







Bt 3 

++ 

+ 

40 

c 

6.0 

Dead, dissociated 

•f+ 


40 

c 

3-9 

Dead, dissociated 

B. coli (form) Esch. Bt 2 

4"4’+ 

0 + 

40 

c 

8.3 

Dead, dissociated 


+4-4- 

4- 

40 

c 

8.3 

Dead, dissociated 

B. prodigiosum DeT 






Trev. Bt 4 

++ 

°+ 

40 

6 

p 

6.3 

7.4 

Sclerotized 

Dead 

Bacilleae 

Bacillus cereus Frank. 







Frank. Bc 3 

++ 

+ 

9 

c 

4.8 

Dead 


+ 

+ 

54 

c 

3-9 

Living, dissociated 

Bac. danicus Lohn. West. 






Bex 

+ 

+ 

54 

c 

4.0 

Living, dissociated 


++4" 

+ 

27 

c 

5.2 

Living 

Bac. megatherium De 






Bary Bc 5 

+++ 

+ 

40 


6.1 

Living 


++ 

+ 

54 


3.9 

Living, dissociated 

Bac. mycoides Flugge 






Be 4 

++ 

+ 

40 

c 

3.9 

Living, dissociated 


++ 

+ 

40 

c 

3.9 

Living, dissociated 


* Slimy colony. t Peripheral feeding. % Central feeding. 
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TABLE 2 — Continued 


Bacteria 
(tribe, species, 

STRAIN number) 

Growth of 

PLASMODIA 

Taxis 

TOWARD 

COLONY 

Length 

OF LIFE 

(days) 

Type of 

FEEDING 

Final pH 

OF 

CULTURE 

Condition of plasmodia 

AT END of CULTURE 

Bacilleae — Continued 







Bac. pabuli Schiebl. Bc2 

+ 


15 


6.7 

Dead 

pyfr Riibtilis Praz. Bc 6 . . 

+ + 

0 — 

+” 

+- 

+ 

+ 

27 

15 

15 

54 

40 

0 

7-4 

Dead 

Dead 

Dead 

Dead 

Dead 

Aerobac. polymyxa Praz. 
Abci* 

H — b 
+ + + 

0 

D 



p 

6.8 

Actinomycetales 
Proactinomyces sp. 






PrAci 




6 


K 0 

Dead 

Dead 


+ -h 

+ 

6 

c 

4.6 

Actinomyces sp. Aci . . . 

+ + + 

0-f 

27 

c 

7 -S 

Dead 



+ 

13 

c 

7-9 

Dead 

Undetermined 






Capsulated coccus X2* . 

+ + + 

0-1- 

40 

p 

7.9 

Dead 

+ + + 

0 

40 

c 

6.8 

Dead 

Capsulated bacterium 






Bbti* 

+ 

+ 

40 

p 

7.0 

Dead 


+ 

+ 

40 

p 

6.9 

Dead 


ing twisted and lax (fig. iJ 5 ), having much the same appearance as a plasmodium 
on too moist a substrate. Contrasted with this is the ^^normal” appearance of a 
plasmodium (the fan flat), smoothly rounded at the front edge, and gradually 
breaking up into long, regular main strands converging at the rear. 

It was thought at first that the dry, tough, nonwetting colonies of the actino- 
mycetes and the dry, tough, adherent colonies of Bacillus mycoides would not be 
attacked, or at least only with difficulty. On the contrary, B. mycoides in associa- 
tion with the plasmodia furnished an excellent example of central feeding, and the 
actinomycete colonies were also completely eaten (fig. iD II). 

III. Tactic behavior of plasmodia and feeding. — Tactic behavior toward 
bacterial streaks was used by Watanabe (29) as a criterion of the ability of plas- 
modia to feed on bacteria. The plasmodia, placed on nonnutrient agar, were en- 
circled with a streak of the bacterium to be tested. The suitability of the bacterial 
food was determined by noting whether or not the plasmodium followed the streak 
and fed or crossed it without feeding. In this connection, note the tactic behavior 
of the plasmodia toward the bacteria listed in table 2. Here a positive chemotaxis 
is indicated by +, a negative taxis by and no definite taxis by o. 

A plasmodium often moved away from the point of inoculation, then by the 
third day returned to it (after the bacteria had begun to grow), left again, and 
again returned. Often there seemed to be no very definite taxis, but the plasmodi- 
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um wandered around until it came in contact with the colony and began feeding. 
Sometimes a plasmodium temporarily ceased feeding. In many instances feeding 
began only because the colony had spread to such an extent that the plasmodium 
could not very well move about without coming in contact with it. 


Fig. i.—A, Badhamia folUcola on Gram-positive Bacillus danicus, oatmeal agar, 27 days’ growth; 
plasmodium sclerotmng at top of flask. B, same on unidentified slime-forming bacterium (Bbti), 
oatmeal agar, 20 days’ growth. C, Badhamia magna and Actinomyces sp. on yeast-extract-starch agar: 
Actinomyces colonies in foreground; plasmodium inoculated at X; arrow points to starving plasmodium; 
4 weeks after inoculation, D, BJoliicola and Actinomyces sp., oatmeal agar, 46 days after inoculation: 
I, plasmodium not in contact with colonies, starved; II, plasmodium clQzxtd. Actinomyces from agar, now 
sclerotizihg. E, dissociation of B. foliicola in two-membered culture with Mycobacterium sp, (Mci); 
27 days’ culture, dissociant beginning growth. F, same as E; 41 days’ culture. 


Although Watanabe (29) found that not one of seventeen different myxo- 
mycetes would ingest Bacillus megatherium on plain agar, the writer has shown 
that when they are forced to live in unavoidable contact with it, Badhamia foliicola 
and will feed on this bacterium. 

A similar and even more striking example of the independence of taxis and feed- 
ing is found in the association of Physarum polycephalum Wiih two species of yeast, 
Saccharomyces ellipsoideus Hansen and Torula Kufferath. Although the 
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plasmodium was successfully established in two-membered culture with these 
yeasts, it would still feed on neither when streaked on plain agar plates. There are, 
of course, exceptions to the independence of chemotaxis and feeding. Most of the 
plasmodia in culture show pronounced positive chemotaxis to S. ellipsoideus 
streaked on plain agar; this fact was used to advantage in the enrichment tech- 
nique (5). 

When a plasmodium was transferred to a fresh substrate, it almost invariably 
and immediately left the old portion transferred with it for the new. In two-mem- 
bered cultures on OA the plasmodium generally stopped crawling to erode the 
first grains with which it came in contact. This movement was slowed down so 
much that the bacteria with which the plasmodium had been inoculated grew 
faster than the plasmodium could rid itself of them by migration. 

The first cultures were made on YSA because of its advantages over OA. Being 
nonparticulate, the YSA could be rendered wholly liquid by autoclaving, the 
coagulated plasmodium removed, and its dry weight obtained as a quantitative 
expression of growth. Furthermore, the plasmodium hydrolyzed the starch of this 
medium to simple sugars utilizable by the bacteria. Since the degree of hydrolysis 
was dependent on the quantity of plasmodium, the richness of the medium was 
controlled to some extent by plasmodial growth, and the danger of the plasmodium 
being swamped by heavy growth of the bacteria was lessened. But the several ad- 
vantages of YSA were outweighed by one very serious disadvantage: the plas- 
modium crawled away from the inoculum so speedily that it freed itself of the bac- 
teria in the process. In the absence of a well-defined positive taxis toward the col- 
ony growing at the site of inoculation, the plasmodium starved with only a few 
centimeters separating it from its bacterial food (fig. iC). These cultures on YSA 
were made with Badhamia magna and all the bacteria of table 2. 

Eleven of these cultures were selected at random and the myxomycete plas- 
modia from them inoculated into YED broth tubes. All except one remained 
sterile, confirming the statement that the myxomycetes had freed themselves of 
the bacteria by crawling away from the point of inoculation. The possibility re- 
mained that the immediate growth of many of the bacteria had produced toxic 
substances in sufficiently large concentration to inhibit feeding. Another group of 
twenty-five cultures was selected which included most of the bacteria of table 2, 
and the myxomycete reinoculated adjacent to each colony. The colony at the 
same time was spread around the myxomycete so that there would be no chance of 
the plasmodium avoiding constant contact with the bacteria. The myxomycete 
grew in eighteen of these twenty-five flasks, and on the same bacteria as in the OA 
flasks (fig. iD) ; therefore toxicity of the bacteria could not have been a factor. 

The factors influencing growth in two-membered cultures were sufficiently nu- 
merous as soon as a plasmodium, a substrate, and a bacterium were brought to- 
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gether, without adding the complication of the myxomycete freeing itself of its 
associate, as in most of the cultures on YSA. For this reason OA was adopted as a 
substrate, as on it the plasmodia, on leaving the site of inoculation, generally 
stopped creeping and started to erode those oatmeal grains with which they first 
came into contact. 

IV. Chemical substances elaborated by bacteria. — Evidence was ob- 
tained that metabolites produced by the bacteria may be inhibitory for growth. 
Bacterium acidi-lactici and Badhamia foliicola were inoculated into flasks contain- 
ing media of the following compositions : 


A. yeast extract 

0 - 25 % 

dextrose 

2 . 0% ; original pH 5 . 4 

agar 

2.0%; final pH 4,1 

B. yeast extract 

1-0% 

dextrose 

2.0%; original pH 5.7 

agar 

2.0%; final pH 5.0 

C. yeast extract 

1-0% 

dextrose 

0.5%; original pH 5.8 

agar 

2.0%; final pH 7.9 


At the end of 3 weeks there was excellent growth in the flasks containing medi- 
um A, but none in the flasks of media B and C. Because of its high final pH, no 
just comparison may be made between medium C and the other two. However, 
the final pH of medium A or B is within the range in which Badhamia magna 
grows well, and growth was inhibited solely by quadrupling the concentration of 
yeast extract. This concentration is not itself toxic to B. foliicola, and therefore 
lack of growth and death must have been due to metabolites elaborated by Bac- 
terium acidi-lactici from the nitrogenous yeast extract. 

Bacterium prodigiosum allowed a fair growth of both Badhamia foliicola and 
B, magna, although it is the same strain that Kidder and Stuart found extremely 
toxic for Colpoda and Daphnia (15). Nor did the plasmodia take up the colored 
granules sufficiently to change their natural color, in contrast to the observations 
of Kambly (14) on the plasmodia of several myxomycetes, and of Rarer (23) on 
the myxamebae of Dictyostelium discoideum. 

V. Dissociation of plasmodia. — Another phenomenon in culture somewhat 
parallels the adaptations mentioned elsewhere (5). Because the phenomenon re- 
sembles to a great degree the dissociation of bacterial species in which a colony of 
bacteria gives rise to a variant colony differing in certain respects from the parent, 
the same name is applied. 

In several of the cultures the plasmodia started growth and then fragmented 
into several smaller plasmodia, one or more of which grew abundantly, while the 
others did not feed and finally died or were lost in the greatly increased mass of the 
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''dissociants/’ Plasmodia have also been observed to grow fairly well in two-mem- 
bered cultures and then apparently to die, while much of the bacterial mass re- 
mained unconsumed. Close inspection revealed that there were minute living plas- 
modial fragments left, and these dissociants began growth anew in the same cul- 
ture and on the same bacterial mass (fig. i£). The final growth sometimes sur- 
passed the original, the entire mass being consumed (fig. iF) and the oatmeal 
grains completely hollowed. The vegetative state ended in most cases by the 
plasmodium sclerotizing on the walls of the flask. These dissociations have been 
noted in Badhamia foliicola feeding on Micrococcus albus, Bacillus megatherium, 
and Mycobacterium sp. (Mci); and in B. magna on Micrococcus albus, Micrococcus 
sp., Mycobacterium sp. (Mci), Bacterium ceramicola, B. coli, Bacillus cereus, Bac. 
danicus, Bac. megatherium, and Bac. mycoides. 

Interrelations between bacteria and plasmodia 

Under this heading are placed those phenomena in culture not readily assign- 
able to the bacteria or to the plasmodia but to an interaction between both. 

1. Hydrogen-ion concentration of medium. — It was stated earlier (5) that 
the myxomycete plasmodia did not grow on those bacteria which raised the pH to 
an unfavorable degree (above 7.4). Yet in these later studies the final pH of two- 
membered cultures in which there was excellent development of the plasmodium 
was often extremely high (8.3 for Badhamia magna on B. coli). Furthermore, 
duplicate cultures may in certain cases have widely different final hydrogen-ion 
concentrations (table 2). Often within the same culture the pH varied from place 
to place, being generally comparatively high near the bacterial colony, low near 
a portion of a living plasmodium not in contact with the colony, and high near any 
mass of dead plasmodium. The single values given in table 2 were all taken near 
the plasmodia, preferably living ones if they were alive when the cultures were dis- 
continued. 

Since the quinhydrone electrode was used for these determinations, it is possible 
that the potentials were the combined expressions of hydrogen-ion activity and 
oxidation-reduction activity, were it not that determinations made with a glass 
electrode and with acid-base indicators were in thorough agreement with the 
quinhydrone determinations. 

An analysis of the changes of pH produced in the substrate by the plasmodium 
alone was necessary, and examples are given in table 3. These support the con- 
clusion that in presence of carbohydrates, the living, active, plasmodium lowers 
the pH. After death, presumably through the autolysis of its nitrogenous compo- 
nents, it raises the pH. 

Thus, it might be expected that since both the plasmodium and the bacterium 
affect the pH of the medium, the relative sizes of the two inoculations would in- 
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flueiice the final pH of a culture. Experiments with Badhamiafoliicola and Pseudo- 
monas schuylkilUensis confirm this supposition. Ps. schuylkilliensis inoculated into 
flasks of OA raised the pH of the medium to 7.4 in about 3 days. Small (0.5X1 
mm.) inoculations of B. foliicola into these cultures died immediately. In the next 
experimentj larger inoculations of the Badhamia were made into the flasks and 
the quantity of added Pseudomonas suspension reduced. The plasmodia began 
growth, but were soon outstripped by the Pseudomonas and died in a week. In the 
final experiment, given in table 2, the plasmodia were inoculated in relatively large 
quantity compared with the Pseudomonas, and their feeding limited the accumula- 

TABLE 3 


Change in pH of oatmeal agar after growth of 
PLASMODIA; original PH 5.9-6.1 


Culture 

Final pH 

Remarks 

Badhamia foliicola (pure) on oatmeal agar . . . 

5-4 

Small (starving) plasmodium 

B. foliicola on oatmeal agar 4- autoclaved yeast 

5.8 

Plasmodium recently dead; pH 
taken adjacent plasmodium 

Same culture 

5-5 

; pH taken at distance from plas- 
modium 

Plasmodium alive; pH taken 
adjacent plasmodium 

B. foliicola on oatmeal agar + autoclaved yeast 

4.8 

Same culture. 

B. magna on oatmeal agar, two-membered cul- 

5-6 

pH taken at distance from plas- 
modium 

ture with Sacch. ellipsoideus 

6.9 i 

Good growth; plasmodium 
dead, disintegrated 

S. ellipsoideus alone on oatmeal agar 

4.8 

Thirty days’ growth 


tion of two great numbers of bacteria, with the result that the plasmodia grew 
until the nutrients of the culture were exhausted. 

As in previous experiments (5), it was found that plasmodia inoculated immedi- 
ately from a medium of pH 6.0 into media of pH 7.4 or higher promptly died. If 
the plasmodia were transferred successively through media, each of a slightly more 
alkaline reaction than the preceding, they could live and grow at a final pH of 7.4. 
The same adaptation probably operates in two-membered cultures in which plas- 
modia have grown with alkali-forming organisms. The cultures listed in table 2 
were kept until the plasmodia had died, sderotized, or fruited in most of them 
(some as long as 2 months). During this time, in which a balance existed between 
the myxomycetes and the bacteria, adaptations to the slowly changing conditions 
could easily have occurred. 

IL Carbohydrate changes in medium.— It was found previously (5) that 
myxomycete plasmodia in a pure state on OA could erode the grains, but without 
growing appreciably, and it was concluded that bacteria or other microorganisms 
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were necessary for complete utilization of the medium. The more extensive ero- 
sion occurring in two-membered cultures offered two possibilities: (a) the myxo- 
mycete could utilize the oatmeal as an accessory nutrient provided bacteria or 
yeasts were present; or (6) the microorganisms themselves could act on the medi- 
um in such a manner that it could then be utilized by the myxomycete. 

It was found that the yeasts and the majority of the bacteria cultivated on OA 
could not erode the grains exposed at the surface. An exception was the bacterium 
isolated from oatmeal and identified as Bacillus pahuli. Yet the plasmodia grew 
equally well, and in many cases better, in two-membered culture with microorgan- 
isms which alone had no effect on the grains. That the bacteria did not contribute 
something to the medium which would allow growth in pure culture, and that they 
did not prepare the starchy grains so as to make them more easily assimilated, was 
demonstrated by the following experiments. 

Bacterium coli was grown in pure culture on OA and the cultures divided into 
three lots: one lot was autoclaved and shaken to distribute the bacteria through- 
out the medium; another lot was heated to 60° C. to kill the bacteria; a third lot 
was heated to 60° C. and the bacteria carefully washed off the surface with sterile 
water. Badhamia foliicola was inoculated into all three series of flasks. In those 
lots in which the bacteria were autoclaved and suspended throughout the medium, 
and in those where they had been killed by heating to 60° and washed off, there 
was no growth and little erosion of the starchy contents of the grains. In the third 
lot, in which the bacteria remained on the surface and were easily accessible, the 
plasmodia grew, devoured the heat-killed bacteria, and eroded the surface grains 
extensively. 

An experiment with autoclaved yeast confirmed this result. The yeast was 
added to flasks of OA, 0.5 cc. per flask, and the flasks agitated to distribute the 
suspension over the surface. Equal-sized inocula of Badhamia foliicola were placed 
in each flask and in control flasks of OA alone. The flasks were incubated until the 
yeast had been completely consumed. In the control flasks, in which the plas- 
modia were minute and starving, the average number of grains eroded was seven; 
in the flasks containing YA, in which there was a fair growth of the plasmodia, the 
average number eroded was twenty. 

It seemed that the disappearance of the starch as indicated by erosion of the 
grains was proportional to the size of the plasmodium, and this was confirmed by 
inoculating pure culture plasmodia ranging in size from minute inocula to those 
covering an area of several square centimeters into OA flasks. The number of 
eroded and hollowed grains varied roughly with the size of the plasmodia. 

The digestion of cooked starch by plasmodia had been observed by Lister (18) 
and was confirmed by the experiments just described. But in addition, the writer 
noticed that some microorganisms, particularly yeasts, when grown on a starchy 
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medium such as oatmeal or potato agar were benefited by the presence of a plas- 
medium. 

It was evident that not only did the yeast support growth of the plasmodium, 
but the plasmodium also supported growth of the yeast. Neither plasmodia killed 
by heating and placed in flasks of OA, nor extracts of plasmodia, produced better 
growth of the yeast than did the OA alone. Therefore the myxomycetes were 
changing the medium to a more nutritious one for the yeast. These observations 
were confirmed by pouring suspensions of living yeast cells (S. ellipsoideus) in 
properly buffered YSA into petri dishes. No growth of the yeast occurred, for the 
essential sugar was absent. On introduction of any one of the plasmodia obtained 
in pure culture (5, table i) there was growth of yeast in the track of the plasmodi- 
um and concomitant disappearance of the starch, as shown by the iodine test.^ 

Within a two-membered culture an ecological balance is maintained between 
both members, provided care is taken that neither member is introduced in so 
large quantity that it overwhelms the other. This balance is shown by an oppos- 
ing effect of the plasmodium on the raising of the pH by bacteria, and in a cycle 
wherein the plasmodium begins to feed on the microorganism, at the same time 
breaking down starch into simple sugars, which promote growth of the microorgan- 
ism so that it is further used by the plasmodium, the cycle continuing until the 
substrate is staled or exhausted. 

Discussion 

It has been shown that in undisturbed gross cultures of myxomycete plasmodia 
there are several common bacteria which dominate the flora. However, in con- 
trast to the statement of Skupienski (26) that each plasmodium has its character- 
istic bacterium, a bacterium common in one culture is also common in several. A 
seeming exception — the association of bacterium XXIII with Didymium squamu- 
losum — has been discussed earlier. 

The gross cultures of plasmodia other than D. squamulosuni were grown on OA, 
which may be considered also as a specialized medium because of its high carbo- 
hydrate and low protein content. The medium, was buffered at pH 6.0; the tem- 
perature was approximately 25^ C. Thus those bacteria which require rather re- 
stricted conditions for growth (that is, higher temperature), a medium rich in pro- 
teins, and greater alkalinity, were excluded in favor of the organisms which could 
grow better under these conditions. These bacteria, as might be expected, were 
the common Gram-negative pseudomonads and non-spore-forming peritrichs typi- 
cal of water and moist plant remains. It seems apparent, therefore, that the cul- 
tures were enrichment cultures for these bacteria as well as for the plasmodia, and 
that the single criterion of a more or less constant association is not sufficient to 

3 Data confirming the elaboration of a diastase by plasmodia will be given elsewhere. 
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postulate a symbiosis. If there were any closer relationship than this, it would be 
expected that the plasmodia could not grow at all well with organisms other than 
their natural associates. Indeed the opposite is true, for two-membered cultures 
could be made with astonishingly diverse microorganisms, including the yeasts, 
acid-fast bacteria, and actinomycetes. These facts are supported by the demon- 
stration of Howard and Currie (ii, 12), who showed that Physarum polycephal- 
um can feed on a number of fungi other than those with which it is naturally 
found. 

A much better case could be made for symbiosis in the two-membered cultures. 
First, it has been shown that under certain conditions the shift of the hydrogen- 
ion activity is kept from going too fast in one direction or the other; and second, 
the extracellular digestion of the starch by the myxomycete results in the enrich- 
ment of the medium for those second members which can utilize sugar, the in- 
creased growth of the second member being then reflected in an increased growth 
of the myxomycete. 

Nevertheless the writer does not consider a two-membered culture to be a sym- 
biosis. It seldom happens that the plasmodium sclerotizes or fruits with much of 
the bacterial mass uneaten. If the bacteria are not cleared, the plasmodium gen- 
erally dies. But if the plasmodium does grow abundantly, it is at the final expense 
of the bacterium whose colonies are completely cleared from the medium. Wheth- 
er or not the myxomycete enriches the medium for the bacterium depends on the 
bacterium and the medium. If sugar is supplied for an organism that can utilize 
sugar, there is no need for the starch-destroying power of the myxomycete. If the 
microbe can easily dispense with sugar, as is the case with many pseudomonads, 
the starch hydrolysis is of no avail. Furthermore, the association is neither close 
nor constant and may be made with a plasmodium and any one of a number of 
very different organisms. 

The complexity of the food relations and the difficulty of study are further en- 
hanced by the adaptations mentioned previously (5) and by the dissociations 
found here. 

The writer is not the first to report the breaking up of a plasmodium, for Lister 
(18) recorded similar behavior in the case of Badhamia utricularis fed on the un- 
favorable Agariciis mbescens and A. fascicularis. The plasmodium in both cases 
fed to some extent, then broke up into portions, some of which died and others 
began feeding again. 

Howard (10) also has noted Physarum polycephalum plasmodium breaking up 
into portions, some of which continued to feed and others to sclerotize or fruit. 
The writer has observed the same behavior with this and other plasmodia, and in 
addition has seen P . polycephalum in two-membered culture break up into two 
portions, the strands of which were interwoven without fusing. One portion later 
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sclerotized while the other continued to feed. Smart (27) has observed a closely 
related phenomenon in the case of Fuligo septica. The plasmodium of this species 
under certain conditions goes through several color changes, ranging from white to 
rusty yellow. White plasmodia will fuse with other white plasmodia and yellow 
ones will fuse with yellow, but cross fusions do not take place, although the plas- 
modia may be of the same clone. 

Summary 

1 . In a study of myxomycete gross cultures, twenty-five different bacteria have 
been isolated, nearly all Gram negative, and most of them motile and possessing 
the property of liquefying gelatin. In the gross cultures on oatmeal agar there was 
found to be no specific association of a particular microorganism with a particular 
plasmodium, and those bacteria common in association with one plasmodium were 
common in association with several. These bacteria possessed the characters of 
the common soil and water bacteria, and it is concluded that there was no sym- 
biosis between a bacterium and a plasmodium, but that the medium used was 
favorable to both. 

2. A further study made with thirty-one different bacteria belonging to diverse 
groups showed no feeding preference of the plasmodia on the bases of morphologi- 
cal and natural groups. Unlike other known bacterial feeders, the plasmodia were 
found to grow on the mycobacteria and actinomycetes. The positive or negative 
chemotaxis toward the colony provided no indication as to whether the myxomy- 
cete can feed on the particular bacterium. 

3. The final pH of the medium was controlled by both the plasmodium and the 
bacterium. If the pH of the medium were changed too speedily, the myxomycete 
could not grow. But by adjusting the medium and the relative sizes of the plas- 
modial and bacterial inoculations, the pH changed rather slowly and a balance 
could be obtained in which the plasmodium broke down the starches of the medi- 
um into sugars utilizable by the associated microdrganisms, which grew more 
abundantly and in turn furnished more food for the plasmodium. 

4. Only two factors were found which consistently limited growth of the plas- 
modium. The myxomycetes grew poorly on bacteria which, formed slimy colonies 
and on bacteria which grew poorly on the media employed. 

5. A phenomenon comparable with bacterial dissociations was found in some 
cultures, namely, the plasmodium grew to some extent, most of it then died, but 
small living fragments began growth anew. 

The writer acknowledges his gratitude to Dr. William H. Weston, Jr., and 
Dr. Kenneth V. Thimann of Harvard University for their stimulating and critical 
suggestions during the course of this work, and to Dr. C. B. van Niel of the Hop- 
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kins Marine Station for his careful checking of the manuscript. To Dr. Nathan 
R. Smith of the U.S. Department of Agriculture for identifying many of the bac- 
teria, the writer expresses his appreciation. 

The Hopkins Marine Station 
OF Stanford University 
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DISTRIBUTION OF CALCIUM OXALATE CRYSTALS IN RICINUS 
COMMUNIS IN RELATION TO TISSUE DIFFERENTIATION 
AND PRESENCE OF OTHER ERGASTIC SUBSTANCES 

PLORA MURRAY SCOTT 
(with porty-two figures) 

Introduction 

Ensheathed crystals of calcium oxalate in Ricinus were first described by 
Rosanorp (17) in 1865. In the original figures the druses appear inclosed within 
distinct envelopes, supported approximately in the center of the cell by short 
stalks attached to the wall. In 1888, Wakker (23) adopted the tonoplast method 
of deVries and laboriously studied cells plasmolyzed to the point of proto- 
plasmic rigidity by prolonged treatment with KNO3 and eosin. He states that 
crystals always arise in vacuoles, and that stalks and sheaths are present only in 
cells devoid of living protoplasm and are therefore dead cell artifacts. Wakker 
concludes: ^^Es ware immerhin besser diese Balken als Rosanoff’sche Balken zu 
unterscheiden, und so werden wir die denn weiter auch nennen.’’ 

During the next 10 years discussion centered around the origin of crystals, 
whether in the cytoplasm or in vacuoles, and the nature of the crystal sheath, 
whether a dead cell artifact or a normal growth. Wittlin (24) reviews this litera- 
ture briefly and, in a survey of crystal formation in medicinal plants, outlines the 
development of crystals in Ricinus. The extensive literature of more recent years 
has been surveyed by Meyer (8) and Netolitsky (10), and the crystallography 
of calcium oxalate has been discussed in detail by Frey (5). 

The mechanism of the origin of oxalic acid and calcium oxalate remains a 
problem for the phytochemist and the physiologist rather than for the anatomist. 
Plant anatomy, however, is concerned with the distribution of calcium oxalate 
throughout the living plant, since a study of distribution in space and time serves 
to throw light on the relation of crystal deposition to other dominant phases of 
tissue metabolism (3). As Netolitsky (10) points out, developmental studies in 
individual plants are curiously lacking. 

The present paper is concerned with the development of calcium oxalate 
crystals and their distribution in the seedling and mature plant of Ricinus in rela- 
tion to tissue differentiation and the presence of other dominant ergastic sub- 
stances. Etiolated shoots and seedlings are also examined. 
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Material and methods 

Ricinus grows freely throughout the entire year in southern CaliforniUj and 
seedlings and mature plants are available at all seasons. Sections of fresh material 
from different regions — stem, root, leaves, inflorescence and fruiting axis, fruit and 
seed, seedling axis, and cotyledons — were examined under ordinary light, polarized 
light, and with dark-field illumination. Etiolated shoots and seedlings were also 
examined. Fresh material treated with i per cent osmic acid may be mounted in 
Berlese medium.’^ Fatty substances appear intensely blackened, calcium oxalate 
crystals stand out clearly, and the wall contraction inevitable in xylol-Canada- 
balsam preparations is avoided. In the detailed examination of the younger 
tissues, imbedded material is necessary, of course. Navashin’s solution or osmic 
acetic solution^ proved satisfactory. 

Sections of varying thickness were examined unstained or after treatment with 
haematoxylin or with safranin and fast green. Ergastic substances were identified 
microscopically and by microchemical tests. They include (in addition to calcium 
oxalate) fatty substances, starch, tannin, sugar, the pigments chlorophyll and 
anthocyanin, and the wall materials cellulose, lignin, suberin, and cutin. 

Observations 

Types of crystals and their development 

Two types of crystals are present in Ricinus^ druses and solitary crystals. These 
conform to the crystallographic types described by Frey (5). The former are 
distributed throughout parenchyma tissues in general but are particularly con- 
spicuous at the nodes, while the latter are practically restricted to the cells 
adjacent to the fibers of the secondary phloem. 

Druses (figs. — In the apical meristem of the shoot the first traces of 

crystal formation appear as minute points of light, visible only under the polariz- 
ing microscope. The earliest identifiable druses occur in the vacuolating cells of 
the third internode and in the leaf and bud sheath primordia of the apical region. 
Druse development is most readily observed in the leaf; in tangential sections of 
the projecting leaf veins, all stages of development may be found in one or a few 
sections. The druse originates as a single crystal, which may be cubical, bipyram- 
idal, rodlike, or needle-like in form, and 2-3 in greatest diameter. Whatever 
the outline, the crystals in undamaged cells are suspended in protoplasmic strands 
in vacuolating cells. In this connection the penetration of neutral red is useful in 
defining the cell sap and vacuoles, and thus delimiting the protoplasmic strands. 

^ H2O (distilled), 100 cc,; gum arabic, 60 gm.; chloral hydrate (saturated solution), 100 cc.; glycerin, 
40 cc. 

* Osmic acid ( I %), I part; acetic acid (2%), I part. 


Figs, i-i;*.— Figs; i-ii, stages in druse development: figs, i, 2, individual crystals; figs. 3-5, crystal 
figs. 6, 7, dendritic growth; figs. 8-10, developing crystals wfithin cell (8, two single crystals in 
protoplasmic strands; 9, crystal aggregates; 10, miniature druses from longisections of leaf veins); fig. ii, 
druse in mature parenchyma cell at petiole base. Figs. 12,13, distribution of fat and calcium oxalate in pith 
of primary tissues, eleventh and twelfth internodes: fig. 12 (transection) and fig. 13 (longisection) show 
alternation in spaces of druses (stars) and fat idioblasts (solid black), circles, and ellipses. Figs. I4“i6, 
stages in development of green seedling: fig. 14, hypocotylary arch stage, cotyledons inclosed in endo- 
sperm; fig. 15, straight hypocotyl, cotyledons green; fig. 16, plumule developing. Fig. 17, etiolated seed- 
ling; actual length 32 cm. 

* Abbreviations: c, cambrium; ch, chloroplast; cr, crystal; rf, druse;/, fiber; fat idioblast; n, nucleus; 5, starch; sh, sheath; 
s'ji*, sieve plate; 5/, stalk; j^, va:uole. All drawings with camera lucida. 
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If the protoplasmic strand is broken, the crystal may be released into the vacuole 
and Brownian movement is observed. The number of crystals in a cell is variable. 
As a general rule, in isodiametric cells one crystal only is present, somewhere near 
the center of the cell. In elongated cells two to four crystals may occur, distributed 
at approximately equal intervals throughout the protoplast. 

The further development of the druse is variable. An aggregate may appear, 
consisting of two or more similar or dissimilar individual crystals. On the other 
hand, dendritic growth appears to be equally common, and increase in volume 
takes place by haphazard accretions. This dendritic phase is soon masked by more 
regular crystal growth, and the miniature druses — a few microns in diameter"— 
are exact replicas of the fully developed rosette crystal aggregates (figs. i8, 19). 

The larger druses are inclosed within a cellulose sheath and anchored to the cell 
wall by one or more hollow cellulose stalks. It is impossible by current micro- 
chemical and microscopic methods to determine exactly at what stage cellulose 
deposition first begins. Small crystals about 3 m in diameter already possess a 
tenuous sheath, demonstrable after careful solution of the crystal but not identi- 
fiable microchemically . Since crystal idioblasts and the inclosed druses increase in 
volume during tissue differentiation, the crystal sheaths and the stalks must be 
plastic in nature. Pectic substances and possibly some protein are therefore prob- 
ably present in the original sheath and are masked by the later development of 
cellulose. The hollow stalk is presumably laid down around a protoplasmic strand. 
The strand itself is either retracted from the mature stalk or becomes indurated 
and persistent within it (figs. 20, 21). That cessation and resumption of crystal 
growth may take place is indicated by the occasional appearance of pitted cellu- 
lose sheaths. Crystal points may project beyond a heavy meshlike sheath, and 
suggest that localized breakdown of the original envelope has occurred, followed 
by renewed crystal growth. 

When some of the larger druses are treated with IKI and H2SO4, followed by 
H2SO4CP, dissolution of the sheath is not complete. A brownish envelope re- 
mains which stains slightly with Sudan III and may therefore indicate sheath 
suberization. This suberization is erratic in occurrence and is not limited to cer- 
tain regions nor to certain sizes of crystals. The wall of the idioblast itself remains 
unchanged, and shows — so far as observed — no trace of suberin or of lignin, as 
noted by Wittlin (24) and others. 

Young crystal idioblasts differ microscopically from ordinary parenchyma cells 
only in size, as will appear later, and in their crystal content. Nucleus, chloro- 
plasts, mitochondria, and vacuoles are normal in number, appearance, and dis- 
tribution in the protoplasts. As the crystal develops the nucleus may remain 
central in position, adjacent to the druse, or may retreat to the wall, generally 
adjacent to a stalk base. 



SCOTT— RICINUS 


Solitary crystals (figs. 22, 23). Solitary crystals are abundant only in the 
secondary phloem adjacent to the phloem fibers. They appear in vertical files of 
isodiametric parenchyma cells, which differentiate from cambial fusiform initials. 


Figs. 18 21. Developing and mature crystals: figs. 18, 19, druse development, individual crystals, 
crystal aggregates, dendritic growth, and miniature rosettes from longisection of leaf vein; fig. 20, druse 
from mature parenchyma cell showing stalk, sheath, and air spaces at cell corners (dark shadows) ; fig. 21, 
sheath left after solution of crystal in similar cell. ^ 


The number of cells in any vertical file ranges from three or four to twelve or 
more, and in general the total length of the file may equal the length of the adjacent 
fiber. The walls of the septate elements thicken and may lignify unilaterally, 
either partially or completely. 
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Like druses, solitary crystals appear first as simple units, cubical or rhombo- 
hedral, 1-3 /x in size when first detected microscopically. There is no evidence that 
solitary crystals must necessarily arise by recrystallization of druses (12), al- 
though an occasional minute druse may occur in this tissue. In position the 
solitary crystals are similar to druse crystals, central in isodiametric cells, evenly 



Figs. 22 , 23.~Solitary crystals in secondary phloem: fig. 22, longisection; fig. 23, transection 


spaced in elongated cells. Crystal sheaths of undetermined composition remain 
after solution of these small crystals. As in the case of the druse, the mature soli- 
tary crystal is inclosed within a heavy cellulose sheath, practically fused to the 
cell wall or visibly attached by one or more very short stalks. The exact time at 
which sheath formation begins remains so far undetermined. 

Crystal DISTRIBUTION IN MATURE PLANT 
Since crystal distribution is considered in relation to tissue differentiation, it is 
necessary to review briefly the anatomy of the plant as a whole (figs. 24-30) . The 



Figs. 24 30. Distribution in mature plant of calcium oxalate (crosses), fatty substances (larger black 
circles and ellipses), and starch (stippling or solid black in pith of fig. 30) : fig. 24, young fruiting plant, 
eight internodes within terminal bud; fig. 25, transection, eleventh internode, druses and fat idioblasts 
alternating spatially in pith; fig. 26, transection, fifteenth internode, starch beginning to appear in outer 
pith and rays; fig. 27, transection, leafless stem, starch completely filling rays, and in outer pith partially 
masking fat idioblasts and crystals; fig. 28, transection, root; starch is dominant reserve material through- 
out entire root system; fig. 29, iongisection, green fruit; calcium oxalate, fat, and starch relatively sparse; 
fig. 30, transection, fruiting branch as seed ripening begins; pith and rays completely packed with starch 
(solid black and stippled, respectively). All drawings diagrammatic. 
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main shoot of a typical vigorous plant of one season’s growth may reach a height 
of 1-2 m. or more and a diameter of 4-6 cm. at the junction of shoot and root at 
ground level. 



Figs. $ 1 - 34 . — Distribution of druses and fat idioblasts in region of node (blackened with osmic acid; 


semi-dark field): fig. 31, transection below leaf gap; fig. 32, leaf base and leaf traces; fig. 33, cortical 


region; fig. 34, part of vascular nodal septum. 


Although the phyllotaxy is 2/5, only rarely 3/8, the first three regions of the 
stem each include eight internodes, 1-8, 9-16, and 17-24 (15). The leaves reach 
their maximum size about the level of the twenty-fourth node, and leaf fall may 
begin at the twenty-fifth. Lenticel and cork formation are evident at varying 
distances below this level. Flowering may begin when the plant is about i m. 
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high, and the fruits develop rapidly. The tap root is well developed and bears 
numerous secondary roots. Tissue differentiation is considered in the following 
sections in relation to crystal distribution. 

Apical bud (fig. 35).— Within the bud sheath, cell division is active in meriste- 
matic and in vacuolating dividing cells (14). Vascular differentiation is evident in 
the spiral elements at the base of the third left primordium and thence downward 
(18). Phloem keeps pace with xylem development. Anthocyanin, chlorophyll, 
tannin, sugar, and protein (Millon^s reagent) are present in this region in small 
amounts, but the outstanding ergastic material is unsaturated fat. Fat idioblasts 
immediately reduce osmic acid. They occur sporadically but in gradually in- 
creasing amounts in the epidermis, pith, and other differentiating parenchyma 
cells and are particularly abundant at the level of the nodes. In pith and in 
parenchyma in general they may occur either as isolated cells or as vertical files 
two to ten or more cells in height, and one or occasionally two or more cells in 
width. Careful control of the osmic reaction shows the fatty substances in an 
extremely fine state of dispersion throughout the entire cytoplasm. This fine dis- 
persion, of course, is the cause of the complete blackening of the cell contents. 

The first traces of calcium oxalate in the apical region are presumably minute 
points of light visible in the differentiating parenchyma tissues under dark-field 
illumination or with crossed nicols. At the level of the third node (the region of 
the earliest vascular differentiation), minute druses 1-3 yu in diameter may be 
identified in the pith. In the succeeding internodes crystal idioblasts appear first 
as isolated cells which alternate in space with the fat idioblasts. They increase in 
number and, in the seventh and older internodes, vertical crystal files of varying 
length and width roughly parallel the fat-containing elements (figs. 12, 13). 

In the pith, both fat and crystal idioblasts are usually surrounded by a ring of 
normal parenchyma cells. Those surrounding the fat cells contain some finely 
dispersed fatty substances and darken slightly with osmic acid. No such reaction 
occurs around the druse-containing cells. The two types of idioblasts therefore 
appear as metabolic centers of calcium oxalate and fat formation, respectively, 
and between them partition the territory of the pith parenchyma. 

Primary stem (figs. 25, 39, 41). — In the primary stem the following tissues are 
clearly defined: epidermis, hypodermis with occasional large tannin sacs, cortical 
chlorenchyma and collenchyma, starch sheath, pericyclic parenchyma and fibers, 
vascular tissues, rays, and pith. The pith, except at the nodes, is hollow from the 
tenth internode onward. The persistent nodal septa consist of a complex network 
of vascular tissue in a ground tissue of living parenchyma. Differentiation of the 
vascular tissue of the node keeps pace with that of the stem (16). Chloroplasts 
are large and numerous in cortical chlorenchyma and in certain cells of the phloem 




The pattern of distribution of ergastic substances as outlined in the region of 
the apical bud is now clearly defined. Fat and calcium oxalate are the dominant 
metabolic products. In addition the following other substances are present in 
lesser amounts: (rr) Transitory starch grains, minute in size, appear in the photo- 


Figs. 35-38.— Sections of stem apex, leaf vein, secondary region of stem, and inflorescence axis: 
fig, 35, longisection of stem apex showing fat idioblast distribution; faint grey dots are calcium oxalate 
druses; fig. 36, longisection of leaf vein showing druses in adjacent parenchyma (dark field); fig. 37, 
transection of seventeenth internode; starch grains beginning to appear in rays and outer pith; fig. 38, 
transection of fruiting axis; parenchyma cells adjacent to medullary bundles packed with, starch. 


rays. A few smaller chloroplasts appear in the collenchyma, in the pith, and in the 
remaining parenchyma of the vascular system. 
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synthetic tissues, {b) Anthocyanin occurs sporadically in epidermal and subepi- 
dermal cells, (c) Tannin is present in the same tissues and is also found more or 





tiGS. 39-42.— Fig. 39, eleventh node showing vascular network, fat idioblasts, druses faintly grey; 
fig. 41, older^node, vascular network after treatment with phloroglucin and HCL Figs. 40, 42, sections 
of pith; fat idioblast (blackened by osmic acid) surrounded by starch-containing cells; note stalked 
druse in fig. 42. 


less sparingly in the pith; specialized tannin sacs of considerable size occur either 
immediately beneath the epidermis or deeper within the cortical chlorenchyma. 
(d) Fehling’s solution tests indicate the general distribution of sugar, with an 
apparent maximum in the region of leaf base and nodal septum. 
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Fat idioblasts occur in the epidermis and throughout the parenchyma tissues 
and are very abundant at the level of the nodes and the leaf bases. Druses appear 
in parenchyma and also reach their greatest concentration in the nodal region. In 
the pith the spatial alternation of calcium oxalate druses and fat idioblasts is gen- 
erally maintained (figs. 12, 13). In this region, therefore, it appears that the maxi- 
mum distribution of both fat and calcium oxalate occurs at the level of leaf base 
and node and coincides with the expected and apparent maximum of sugar (figs. 
29-32). 

Region oe secondary thickening (figs. 26, 27, 31--34). — The spiral vessels 
of the primary system are succeeded by pitted vessels and fibers. Secondary 
phloem consists of alternate bands of functional sieve tubes with adjacent com- 
panion cells and parenchyma, and of phloem fibers with adjacent crystal idio- 
blasts (figs. 22, 23). As in Nicotiana (4), secondary sieve tubes possess steeply 
oblique sieve plates. “Sieve-tube” starch is invariably present. Phloem fibers 
arise from fusiform elements, thicken basally as to walls by the addition of suc- 
cessive lamellae, and appear to maintain throughout their development a plastic 
growing tip as in Boehmeria (i). Adjacent to the fibers lie the solitary crystal 
idioblasts (3) and near them phloem parenchyma cells with large chloroplasts. 

As regards ergastic substances, calcium oxalate and fat still remain dominant 
and reach their maximum density at the level of leaf base and node, but in starch 
distribution a marked change is apparent. Hitherto starch has appeared only as 
minute transitory granules within the chloroplasts. At this level measurable 
grains of storage starch begin to fill up the cells of the outer pith and xylem rays 
and are also evident to some extent in the cortical chlorenchyma (figs. 37, 40, 42). 

Leafless mature stem (fig. 27).— Secondary thickening continues normally 
in the vascular cylinder, and on the surface of the stem lenticels become con- 
spicuous. A cork cambium, epidermal or subepidermal in origin, appears and 
sooner or later becomes continuous. 

In the ergastic substances of this region a striking change is at once apparent. 
Starch, hitherto a minor product, is now dominant. The rays and practically all 
the parenchyma tissues are completely filled with starch grains. Calcium oxalate 
druses and fat cells are now masked more or less by the surrounding starch-filled 
cells. Here and there empty crystal sheaths indicate the disappearance of druses, 
and starch grains develop within the former crystal idioblast. This disappearance 
of crystals, observed somewhat infrequently in the stem, is very common-™as will 
appear later — in the inflorescence and fruiting axis. 

Druse cells, fat idioblasts, and normal pith parenchyma cells do not grow at 
the same rate. In the youngest internodes the scattered fat idioblasts increase in 
volume more rapidly than in the surrounding parenchyma cells (table i). They 
expand against the latter and maintain contact with them, so that no intercellu- 
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lar spaces develop at their surface. Later, beyond the bud sheath, the parenchyma 
cells make up for lost time, grow rapidly, equal and eventually surpass the fat 
cells in volume. Intercellular spaces now develop between parenchyma cells and 
idioblasts. In contrast to this, the druse idioblasts of the fourth internode are 
equal in size to the pith parenchyma cells, but they do not keep pace with the 
growth of the latter. Intercellular spaces consequently are apparent practically 
from the time that the druse idioblasts first appear. 

TABLE 1 


Comparison of maximum size of normal parenchyma 

AND DRUSE AND FAT IDIOBLASTS IN PITH 
OF VARIOUS INTERNODES 


No. OF INTERNODE 

“Average” di.<\meter of cell (in microns)* 

Normal 

PARENCHYMA 

Fat 

IDIOBX-AST 

Druse 

IDIOBLAST 

I (apex) 

8 

8 


4 

21 

27 

21 

8 

38 

50 

34 

10 

57 

52 

38 

12 

99 

70 

43 

14 

133 

85 

66 

18 

228 

152 

76 

28 

228 

114* ! 

57 


* Cells of pith may be isodiametric or radially elongated. In the latter case, “aver- 
age” diameter i.s taken as the mean of the two dimensions of the cell apparent inlongi- 
section. Typical largest cells in internodes were measured. 


All cells, fat idioblasts, druse cells, and normal pith parenchyma continue to 
increase in size until about the level of the fifteenth internode. The rate of 
growth of fat cells thus exceeds that of pith parenchyma in the first eight inter- 
nodes within the bud sheath. The growth of druse idioblasts, in contrast to this, 
lags behind that of the parenchyma cell from the time of the first appearance. 
Shrinkage of fat idioblasts appears occasionally in the oldest tissues (table i). 

Leaf (fig. 36). — -In the leaf veins calcium oxalate crystals are evident in prac- 
tically all stages of development. In the caducous stipular sheath of the terminal 
bud, druses occur adjacent to the sheath traces. They appear at the leaf base of 
the third and succeeding leaves. As soon as intercellular spaces appear generally 
throughout the lamina, druses appear sparsely in the mesophyll itself and abun- 
dantly in the parenchyma which surrounds the vascular bundles of the projecting 
veins. The center of the leaf consists of a network of converging veins, similar in 
its complexity to the nodal vascular septum. As in the latter, calcium oxalate is 
again abundant. 
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Throughout the petiole tissues the distribution of druses is similar to that in the 
stem, the greatest number occurring in the central pith and occasional crystals 
elsewhere in the parenchyma. The number increases toward the petiole base. 

Just as in the stem, fatty substances in the petiole and leaf base parallel the 
crystal distribution. They appear intermittently in epidermis and subepidermis, 
in cortex and vascular parenchyma. In the pith they alternate in space with 
crystal idioblasts and increase markedly in abundance toward the leaf base. 

Within the lamina the maximum distribution of fat idioblasts occurs in the 
region of maximum concentration of calcium oxalate, namely, in the network of 
convergent veins at the leaf center and along the projecting veins themselves. 
In the latter, fatty substances appear in the pith of the vascular cylinder, in 
xylem and phloem parenchyma, and above and below the vascular strands. Fat 
is also present in certain epidermal and mesophyll elements. 

In the leaf bases of older leaves, starch accumulation begins and keeps pace 
with the deposition in the older internodes. The same masking of crystals by 
starch grains may occur sooner or later, prior to leaf fall. 

Inflorescence and fruiting axis (figs. 30, 38). — The inflorescence axis bears 
staminate and pistillate flowers protected in the bud by scale leaves only. It 
resembles the vegetative shoot in essential structure but differs in certain char- 
acters which are obvious during the later fruiting stages: (i) Since it lacks vegeta- 
tive leaves the axis is devoid of the complex vascular network of the vegetative 
nodes. (2) The inflorescence axis does not increase rapidly in diameter as does the 
main shoot. As a result the pith remains a solid continuous cylinder, usually with 
a central core of nonliving air-filled cells. Lignification of walls is common through- 
out the entire tissue. (3) The vascular supply of the flower pedicels appears as a 
group of medullary bundles traversing the outer pith. The bundles are concentric 
in type; xylem vessels and a heavy sheath of fibers surround a central strand of 
phloem. In the latter, sieve tubes are at once conspicuous by their starch granule 
content. 

The change from fat to starch metabolism, evident during the secondary 
thickening of the vegetative stem, is paralleled in the growth of the fruiting 
branch. The axis differs in ergastic materials during various stages of growth. 

In the early stages of development of the unopened buds and inflorescence axes 
the ergastic substances are similar in distribution and amount to those of the 
young vegetative shoot. Thus fatty substances are evident in epidermis, subepi- 
dermis, and pith, and also sparsely distributed in cortical and vascular paren- 
chyma. Calcium oxalate is notable in the pith, and occasional crystals may appear 
in other parenchyma cells. Conspicuous starch grains delimit the starch sheath. 
Smaller granules of phloem starch are present in the sieve tubes, while minute 
granules may also be detected in the cortical chlorenchyma. 
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Active accumulation of starch begins with the setting of fruit. (The green fruit 
measures approximately 2X2 cm., including the spines.) Here, in addition to an 
increasing number of endodermal starch grains and sieve-tube granules, conspicu- 
ous grains are evident throughout the outer pith, particularly around the medul- 
lary bundles. Similar grains are also present in the xylem rays. The air-filled cen- 
tral cells, lignified and dead, naturally remain devoid of starch, but the fat and 
calcium contents of some cells still remain in situ. In the chlorenchyma the starch 
grains are now abundant. By the time the fruit is ripe the outer pith and the 
ray cells are solidly packed with starch grains. Sieve-tube starch is still evident, 
and many cortical phloem parenchyma cells are also heavily loaded. During this 
period the majority of calcium oxalate druses in the pith disappear and the 
crystal idioblasts become filled with starch grains (2). To begin with, two or three 
starch grains appear within the druse cell. The crystals now begin to break down 
and the starch grains increase in number. Occasionally empty crystal sheaths 
may be detected, surrounded by a ^^corona’' of starch grains. Increasing starch 
accumulation naturally ends by obscuring all traces of the original crystal sheath. 

In the developing fruit itself and in the seed, calcium oxalate, fat, and starch 
appear more or less abundantly at different stages of growth. The wall of the 
spiny, 3-locular dehiscent fruit consists of photosynthetic and vascular tissues 
and a solid layer of sclerenchyma fibers which eventually harden the capsule 
wall (fig. 29). In developing fruits (3-5 mm. or more in length) both calcium 
oxalate and fatty substances are rather abundant. Their concentration, as in other 
parts of the plant, is at a maximum in the region of vascular tissue, the carpel 
traces and the vascular network of the fruit base. Starch may appear in older 
fruits but is relatively sparse. 

In the seed, in contrast to the fruit, calcium oxalate is rarely observed at any 
stage of development (6), and fatty substances similar to those of the vegetative 
tissues are likewise sparse. In the young ovule the inner integument is filled with 
starch. This disappears as the integuments begin to harden into the testa, and 
as — at the same time- — protein and fat accumulate in the endosperm around the 
developing embryo. Endosperm fat differs from vegetative fat since it does not 
immediately reduce osmic acid. Occasional druses, very small in size, may occur 
near the micropyle, and minute crystals — detectable only under dark-field or 
polarized light — appear in the adherent nucellus. No traces of such crystals are 
observed at any time in the endosperm. 

Root (fig. 28).— The young root is generally tetrach in structure (20), and the 
tissues, except for collenchyma and chlorenchyma, are essentially similar to those 
of the stem. Roots 0.05-5 diameter were examined in seedlings and in full 
grown plants. In the youngest roots (0.05-0.15 cm.) calcium oxalate is not ob- 
served. By the time the diameter measures 0.5 cm., occasional druses appear in 
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the rays and in the cortex near the bases of branch roots. Druses remain infre- 
quent, even in the largest roots. On the other hand, solitary crystals appear 
adjacent to phloem fibers as soon as secondary thickening begins and continue to 
develop in the older roots. 

The dominant ergastic substance of the root is starch. In roots o.i cm. in 
diameter numerous grains are already apparent in rays and cortex. Accumulation 
continues, and in the older roots the ray cells are closely packed with starch. A 
certain amount is also present in phloem parenchyma and periderm. Fat distribu- 
tion, in contrast to the condition in the stem, is sparse. A few fat idioblasts appear 
only in cortical and vascular parenchyma cells. Tannin sacs similar in size to 
those in the stem may occur in the cortex, and a few tannin-containing paren- 
chyma cells are evident here and there. 

Crystal distribution in seedling 

Seedlings in different stages of growth were examined. In the hypocotylary 
arch stage of development (length 2-4 cm.) the cotyledons are still inclosed within 
the endosperm. When the cotyledons emerge above the now straightened axis 
(length 5 cm.) the hypocotyl shows traces of chlorophyll and anthocyanin. As the 
foliage leaves expand, the full length of the hypocotyl is reached (about 7 cm.). 

Calcium oxalate is only barely evident at any stage of development (figs. 14- 
17). While the cotyledons are below ground no calcium oxalate is observed in 
cotyledons, hypocotyl, root, or endosperm. As the cotyledons become green, a 
few druses appear at the cotyledonary node. In the older seedlings the druses in- 
crease markedly in number at the cotyledonary node and in the cotyledonary 
petioles. A few appear at the nodes of the growing vegetative leaves, but they 
are not yet obvious in the lamina. 

Etiolated shoots.^ — In order to compare calcium oxalate distribution in etio- 
lated and normal shoots, plants approximately i m. high — and therefore with a 
well-developed root system and ample reserve materials — were cut off about 
20 cm. above the ground. They were then protected from the light by ventilated 
metal containers. The temperature remained reasonably well controlled, and — 
even on the hottest days in mid- August — did not exceed outside temperature by 
more than 3° F. Other plants, pruned in the same way, were allowed to grow in 
the open as controls. 

As a result of the severe pruning, numerous: lateral shoots develop from the 
basal nodes. Within 6 weeks, shoots on the control plants bear four to six leaves, 
and removal of the screens from the darkened plants shows a similar growth of 
etiolated shoots. The latter are devoid of chlorophyll, the laminae are butter 
yellow in color and the petioles pure white. Apart from color, control and etiola- 
ted shoots differ in the usual way in area of leaves and in length of petioles and 
internodes (table 2). 
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The distribution of calcium oxalate and other ergastic substances in the green 
shoots does not differ from that described for the main vegetative axis. On the 
other hand, in etiolated shoots, while the general plan of distribution rem.ains the 
same, the relative amounts of materials vary considerably. Calcium oxalate druses 
are apparent as usual in parenchyma of pith, cortex, vascular cylinder, nodal 
septa, and leaf bases, but are relatively scarce. In the leaf veins and network of 
veins at the junction of petiole and lamina (in contrast to the crowded condition 
of the normal leaf) only a very few crystals are detected. Other ergastic materials, 


TABLE 2 

Comparison of green and etiolated shoots 


Type 

Total 

LENGTH 

(cm.) of 

TYPICAL 

S-INTERNODE 

SHOOT WITH 

TERMINAL 

BUD .AND 

LEAVES 

Length (cm.) of ter- 
minal BUD (TB ) AND 
SUCCEEDING INTER- 
NODES (A-E) 



Internodes 





TB 

A 

B 

C 

d 

E 


A 

B 

C 

D 

E 

Green 

3.6 

0.5 

0.3 

0-5 

0.8 

0.8 

0.7 

Leaf size* 
Petiole 
length 

2.5X3 

I 

6 x 7 

3-3 

7X9.5 

3.5 

6 X 7-5 

6 


Etiolated .... 

6.1 

0.7 

0.4 

1.9 

2.5 

0.5 

0.8 

Leaf size 

Petiole 

length 

1.6X2 

(still 

folded) 

0.2 

2. 3X3.5 

2.3 

Wilted 

6.5 

2.5X3. 2 

7-5 

4X4.5 

3-2 


* Length of midrib and greatest width. 


such as fatty substances and tannin, do not appear to be significantly reduced in 
amount. In the absence of light, the starch grains of photosynthesis are naturally 
lacking in etiolated tissues, but the endodermis is clearly marked by starch grain 
content. The endodermis of the etiolated shoot is further delimited in the older 
internodes by the presence of typical Casparian strips, as described by Priestley 
(13) in Vida f aba. Starch grains, small but numerous, are present also in the 
guard cells of the stomata. 

Etiolated seedlings (fig. 17). — Beneath the light screens, by the darkened 
plants, some stray seeds happened to germinate and reach the straight hypocotyl 
stage before dying down. These afford an interesting contrast to normal seedlings 
in height, color, and relative development of organs. A typical slender hypocotyl, 
perfectly white in color, may measure 33 cm. (more than four times the normal 
length) . The cotyledons, butter yellow in color, remain reduced in area, actually 
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about one-third their normal size. The plumule remains unexpanded, while the 
root system appears to be normal in extent. 

Sectons cut at different levels indicate a scarcity of all ergastic materials. At 
the cotyledonary node and in the cotyledonary petioles one or two small druses 
are seen, but none appear in the cotyledons. Calcium oxalate is practically absent 
in the hypocotyl and root. 

Fatty substances occur in the cotyledons and at the cotyledonary node. They 
occur sporadically in the epidermis of the hypocotyl and in a few cells of the 
transition region. Elsewhere they are scarce. Starch is extremely limited in 
amount. It appears in the guard cells of the cotyledons and in the endodermis in 
the upper hypocotyl. Elsewhere, except for small sieve-tube starch grains, it is 
absent. 


Discussion 

That crystal formation is dependent on the presence of calcium is apparent from 
the work of Thoday (22), and more recently Olsen (ii) has demonstrated a 
definite quantitative relation between calcium absorbed and oxalic acid produced 
and precipitated, Thoday, in the apical meristem of the succulent Kleinia^ found 
a scarcity of calcium and complete absence of oxalate crystals. Both calcium and 
crystals appear in increasing amounts in the older parts of the plant, toward the 
plant base, and reach their maximum in the vascular network of the nodes. In 
Ricinus the apical meristem is likewise completely free of crystals, and their 
maximum distribution occurs along leaf veins and in the vascular networks of 
leaf centers, leaf bases, and nodes. It may be expected that microchemical 
analysis will indicate a lower and a higher calcium content in apical meristem and 
in differentiated regions, respectively. 

Crystal and fat idioblasts are obvious first in the youngest internodes, in the 
pith. This tissue is derived from vacuolating dividing cells and is apparently 
homogeneous. Conditions of growth are presumably similar for all cells. It may 
therefore be deduced that the fate of a cell, whether destined to become a fat 
idioblast, a crystal idioblast, or a typical parenchyma cell, is already determined 
within the apical meristem. The intracellular factors of the specific anlagen 
emerge during meristematic division and dominate the later extra-cellular environ- 
ment. 

Comparison of cell sizes in the pith (of fat and druse idioblasts) indicates, in 
the more rapid growth of the former, an apparent conflict between the two types 
of metabolism, fat accumulation and calcium oxalate deposition. Within the 
tissue the centers of fat metabolism are more or less evenly spaced and consist of 
the central idioblasts—conspicuous by the immediate reduction of osmic acid — • 
and the surrounding cells in which fatty substances are present in lesser amount. 
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The fatty cell groups are the first to expand and become established as metabolic 
units. Their continued activity implies a diversion and monopoly of materials 
necessary for growth, the result of which may be the dwarfing of the marginal 
crystal idioblasts. 

The actual density of crystal formation appears to depend on the amount of 
ergastic substances present (9). Thus etiolated shoots and seedlings, growing at 
the expense of food stored in root and endosperm, respectively, are relatively 
poorly supplied with the sugar, etc., necessary for growth, and crystal formation 
is therefore slight. 

In the older stem, starch metabolism — the deposition of storage starch — be- 
comes dominant. Here, far from increasing in number at the nodes or elsewhere, 
calcium oxalate crystals may dissolve and disappear, and the starch-filled crystal 
idioblasts can be recognized only by their relative size. Quantitative macro- 
chemical analyses are necessary to give an accurate estimate of the actual disap- 
pearance of calcium oxalate. The root, during all but the primary stages of de- 
velopment, is a region of starch metabolism, and calcium oxalate crystals are 
practically entirely absent. Conditions incidental to starch deposition are there- 
fore unfavorable for calcium oxalate deposition and may actually cause the disap- 
pearance of fully developed crystals. 

Conditions of solitary crystal growth have been occasionally discussed in con- 
nection with conditions of wall thickening (7), either in the crystal idioblast itself 
or in the adjacent sclerenchyma element. Wall thickening per se can hardly be 
considered as a potent factor in crystal environment, since crystals are somewhat 
exceptional in typically thick- walled xylem tissue. 

In view of the generally accepted concept of pH gradient in stem tissues, the 
distribution of crystal types appears at first sight significant, the more so since, as 
Pfeiffer (12) has shown, crystal growth can be controlled in vitro by varying pH 
and other conditions. Preliminary experiments with pH indicators (21) were at- 
tempted with Ricinus but proved unsatisfactory. In further work along this line, 
electrometric methods are to be preferred. In Ricinus, however, the fact that 
druses occur throughout the parenchyma in general, while solitary crystals are 
restricted to the ^Telatively alkaline” secondary phloem, appears to indicate a 
measure of specificity in pH conditions. This specificity is not maintained- in other 
plants, however, since solitary crystals appear abundantly in the presumably 
“relatively acid” xylem fibers of Prosopis, the desert mesquite (19)/ 

Summary 

I. The development of calcium oxalate crystals and their distribution in the 
mature green plant, in etiolated shoots, in green and in etiolated seedlings, is 
examined in relation to tissue differentiation. Two types of crystals are present, 
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druses and solitary crystals. The former are distributed throughout parenchyma 
tissues in general; the latter are practically restricted to the secondary phloem ^ 
where they are deposited chiefly in vertical files of cells adjacent to the phloem 
fibers. 

2. The development of a druse may be traced from a single crystal at the limit 
of visibility within a protoplasmic strand, through an aggregate or dendritic type 
of growth to a miniature druse, and finally to a mature crystal entirely filling the 
cell. Sheaths of undetermined composition may be detected around very small 
crystals about 3 /x in diameter. The sheaths of older druses consist of cellulose 
and are occasionally partly suberized. They are attached by stalks to the cell wall. 
Solitary crystals are also surrounded by cellulose sheaths. 

3. Crystal idioblasts grow more slowly than adjacent parenchyma cells, and 
intercellular spaces appear around them in the youngest internodes. In contrast to 
this, fat idioblasts expand rapidly, maintain contact with surrounding cells, and 
intercellular spaces do not arise until later. 

4. Crystals develop in the growing shoot about the level of the third node, and 
they rapidly increase in number in the differentiating primary stem. They reach 
their maximum concentration in the vascular networks of the nodes and leaf blade 
centers and along the leaf veins. Crystals are also distributed more or less regu- 
larly throughout the pith and are present also in the cortex and vascular paren- 
chyma of the stem and of the petiole. They occur occasionally in the lamina and 
are frequent in the caducous stipular sheath. This greatest density of crystal 
deposition coincides with the maximum distribution of fat idioblasts and of sugar. 

5. When secondary thickening is established in the stem, druses become masked 
by starch grain deposition in the pith and occasionally elsewhere. In many cases 
the crystals are dissolved and leave behind them the empty crystal sheath. At 
the same time starch accumulates and may completely fill the former crystal idio- 
blast. 

6. In contrast to druse behavior within the older stem, solitary crystals appear 
abundantly in vertical files of parenchyma cells adjacent to the phloem fibers in 
the secondary phloem. 

7. In the root, except in the cortex near the origin of secondary roots, druses are 
practically absent. Solitary crystals, however, occur in the secondary phloem. 

8. Druses are present in the pith of the young inflorescence axis approximately 
as in the stem. Since nodal vascular networks are absent, however, the crystals do 
not equal those of the shoot in number. As the seeds develop, starch deposition in 
the fruiting axis is extremely heavy; here, as in the older stem, druses may dis- 
solve and disappear. 

9. In the fruit wall, calcium oxalate crystals are not abundant at any stage of 
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development. In the seed, one or two small crystals may appear near the caruncle 
but do not occur elsewhere. 

10. In the etiolated shoot, crystal distribution is similar to that in the green, 
but the number of crystals is markedly less. 

1 1 . In green seedlings, crystal development is slight, a few at the cotyledonary 
and first plumular nodes, rarely in the parenchyma of the hypocotyl, and oc- 
casionally in the cortex of the root. 

12. In etiolated seedlings, crystals are practically absent. A few very small 
druses may be detected at the cotyledonary node. They are absent throughout 
the hypocotyl, and the plumular node does not develop. 

13. Crystal distribution is discussed in relation to various factors, such as: 
calcium supply; tissue metabolism as indicated by the presence of fat, sugar, and 
starch; cell-wall thickening; hydrogen-ion concentration. 

Department oe Botany 
University of California 
Los Angeles, California 
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CYTOLOGICAL AND TAXONOMIC STUDIES IN THE 
GENUS BRODIAEA 

CONTRIBUTIONS FROM THE HULL BOTANIC AI. LABORATORY 630 
MADELINE PALMER BURBANCK 
(with twenty-nine figures) 

Introduction 

Brodiaea is the genus name commonly applied to a group of liliaceous plants 
which are widespread in the Paoific coast region of western North America. Cer- 
tain plants native to South America have been included in the genus in the past, 
but it is probable that the unjointed pedicels and other characters of the South 
American plants justify their assignment to a different group. The genus Brodiaea 
ranges from British Columbia in the north to Lower California in the south, being 
especially common on the lower slopes of the Cascade and Sierra Nevada Moun- 
tains. Certain species extend as far eastward as Montana, Wyoming, Utah, Ne- 
vada, and Arizona. The plants produce seeds but in the majority of cases are 
more effectively propagated by offsets from the underground corms. 

The twenty-five lots of plants, both species and named varieties of species, 
used in this study were all received under the genus name Brodiaea. Although this 
generic name had been most commonly applied to this group of plants, various 
subdivisions have been given in the past and again revived in recent publications 
by Hoover (4, 5, 6, 7). In the first paper of this series, Hoover summarizes the 
problem of synonomy in the genus, and it is not necessary to discuss the subject 
at length here. Jepson (8) recognizes the genus Brodiaea, which he divides into 
three siibgenera, Triteleia, Hookera, and Dichelostemma. Abrams (i) names six 
genera {Calliprora, Hesperoscordum, Triteleia, Hookera, Dichelostemma, and Bre- 
voortia) to cover essentially the same plant material. More recently Hoover^s re- 
ports (4, 5, 6, 7), based on extensive field work in the western states, present mor- 
phological characters which he considers sufficiently distinct to justify a division 
of the plants into four genera. These are essentially the same groups as those 
recognized by Jepson, with the addition of a new genus, Triteleiopsis. Under In- 
ternational Rules the reorganized groups become Triteleia, Dichelostemma, 2^116. 
Brodiaea. Since the plants used in this study bear out Hoover’ s classification with 
respect to morphological characters and cytological observations, the generic and 
specific names he gives are, for the most part, used in this paper. Table i gives 
the synonomy. Species ol Brodiaea, Dichelostemma, and Triteleia were studied, 
but plants of the monotypic genus Triteleiopsis were not available. 
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Brodiaea has previously been investigated cytologically by only three workers. 
In a list of plants possessing iG"I 2 unequal sized chromosomes, Muller (10) in- 

TABLE 1 

Synonomy of plant material with equivalent reported 

AND OBSERVED CHROMOSOME NUMBERS 


As NAMED BY HoOVER 

As NAMED WHEN RECEIVED 

(Purdy) 

Chromosome num 

Observed 

BERS 

JOH.ANSEN 

2 N 

N 

Brodiaea 

Brodiaea 




Coronariae 





B. elegans 

B. grandiflora 

32 

16 


B. coronaria 

B. grandiflora (Oregon) 

42 

21 

2n = 42 

Stellares 




n==:2i 

B. minor 

B. purdyi 

32 

16 


B. minor var. nana 

B. minor 

12 

6 

2n— 14 

B. stellaris 

B. stellaris 

12 

6 6 * 

211= 12 

Appendiculatae 





B. calif ornica 

B. calif ornica (Blue) 

12 

6 

2n= 10 

B. calif ornica 

B. calif ornica (Lilac Pink) 

12 

6 

2n= 10 

Dichelostemma 





D. pulchellum 

B. capitata 

18 


2n=72 


B. capitata var. multiflora 

18 



B. congestum 

B. pulchella 

36 


2n=36 

D. volubile 

B. volubilis 

18 

9 

20 = 36 

D. ida-maia 

B. coccinea 

48 


n=2o(ca.) 

Triteleia 





Eutriteleia 





T. grandiflora 

B. douglasii 

32 



T. peduncularis 

B. eastwoodii 

14 



B. peduncularis 

28 



T. laxa 

B. laxa 

28(30) 

14 14* 


T. laxa 

B, laxa (Blue King) 

42 



T. laxa 

B. Candida 

48 



T, crocea 

B. crocea 

16 



Calliprora 





T. ixioides var. scabra 

B. ixioides var. splendens 

lo(ii) 

5(6) 5* 


T. ixioides var. analina 

B. ixioides var. erecta 

50 



Hesperoscordum 




T. hyacinthina 

B. lactea 

28 



T. hyacinthina 

B. lactea (Oregon) 

28 



T. hendersoni 

B . hendersoni 

32 

16* 


T. bridgesii 

B. bridgesii 

16 




* Microspore counts. 


eluded an unnamed species of Triteleia, Johansen (9) worked with four species 
of Hookera {Brodiaea) ^ four of Dichelostemma, and one of Brevoortia (D. ida-maia). 
The chromosome numbers he obtained are given in table i, and in addition to 
those listed, he observed 30 somatic chromosomes in D. muUiflorum. Smith (12) 
reported the presence of chromosome rings and end-to-end attachment of more 
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than 2 chromosomes at microsporogenesis in B. lactea. Counts revealed about 21-- 
24 pairs of chromosomes. 

It is hoped that the present study will help to clarify relationships within the 
large group Brodiaea, through chromosome counts of approximately half the 
plants included in the genera Brodiaea, Dichelostemma, and Triteleia, 

Material and methods 

Plants of the twenty~four species and varieties used in this study were obtained 
from Mr. Carl Purdy, Ukiah, California, with the exception of corms of B. coro- 
naria^ which were received from Dr. Frank H. Smith, Corvallis, Oregon. Addi- 
tional material of B, lactea (T. hyacinthina) was received from Dr. D. P. Rogers 
of Corvallis, Oregon. 

The corms were potted in sandy loam when received in the autumn. Four or 
five corms of each lot were kept in a cool greenhouse and used for root-tip mate- 
rial. Root tips were cut off as they emerged and were fixed in La Cour’s 2 BE. 
The material was run up through the usual schedule of alcohols, chloroform and 
alcohol, and imbedded in paraffin. The root tips were cut transversely at 25 
The gentian violet-iodine method of staining, with — in some cases — a picric acid 
modification (13), was used for the root-tip sections. Immediately after being 
potted, the corms not used for root tips were placed in a coldframe, where they 
remained for several months during freezing weather. On being brought into a 
cool greenhouse many of the plants produced flower buds. Anther smears were’ 
made of appropriate stages of meiosis, both by the aceto-carmine method and by 
fixation of smeared anthers in Navashin’s solution followed by staining with 
gentian violet-iodine. A few smears were also secured which showed the mitotic 
division of the microspore nucleus following meiosis. 

As far as possible, some flower buds of each lot of corms were allowed to mature 
and the flowers used for a check on the identification of the plants. Unless stated 
to the contrary, fresh and pressed flowers were used for identification of all plant 
material. The descriptions given by Abrams (i), Jepson (8), and Hoover (5, 6, 7) 
were most frequently used, but references to the original descriptions were made 
occasionally. 

A few sellings and cross pollinations were made with plants which bloomed pro- 
fusely. Seeds were collected from five selfings and from one cross pollination. 
Several other pollinations produced negative results. No attempt has been made 
as yet to germinate the seeds obtained. 

Unless otherwise stated, all drawings were made at table level with the aid 
of a camera lucida, using a 1 5 X compensating ocular and a 90 X apochromatic 
objective, n.a. i .40, with a yellow-green filter. The magnification is approximately 
2000 X. 
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Identification of plant material and cytological observations 
Brodiaea 

Within this genus Hoover (5) recognizes four sections: Coronariae, Stellares, 
Appendiculatae, and Filifoliae. It is probable that two species of the Coronariae 
were employed in this study. The material received from Purdy under the name 
B, grandiflora was identified as B. elegans as described by Hoover. The stami- 
nodia were acute, blunt, or irregularly three toothed, and always shorter than the 
stamens. The diploid chromosome number of this species is 32 (fig. i), and 16 
chromosomes (fig. la) were distinguishable in each early telophase I group. One 
chain of 4 chromosomes was seen at metaphase I (fig, 8) . A few plants were self ed 
and two capsules of seeds obtained. 

When the B. grandiflora material from Oregon bloomed at the same time as 
did the plants from Purdy, slight differences in gross morphology of the flowers 
could be detected. The tube of the Oregon fl.ower was about i mm. longer than 
that of B, elegans and somewhat campanulate rather than funnelform; the seg- 
ments were approximately the same length as those of B. elegans or slightly shorter 
and 1-2 mm. narrower; the staminodia were erect, not involute, tapered to an 
acute tip, and were the same length as the stamens; the anthers were 7 mm. in 
length as compared with 8-9 mm. in the material from Purdy. The leaves of the 
Oregon material were 2 mm. in diameter and were round or only slightly flat- 
tened, while those of B. elegans were 2-6 mm. wide and flattened. Chromosome 
counts of the Oregon material show a diploid number of 42 (fig. 2) and 21 chromo- 
somes (fig. 2a) at metaphase 11 . Bridging was frequently observed in anaphase 
and telophase of meiosis I. 

Although the Oregon material bloomed sparingly, the consistent flower differ- 
ences, especially the relative lengths of stamens and staminodia and the distinc- 
tive chromosome number, suggest that the material is not B, elegans^ which it re- 
sembles, but rather B, coronaria or a form of this species. The staminodia did not 
form a perfect “corona” but were not so far distant from the center of the flower 
as were those of the California material. A note from Dr. Smith during the course 
of this investigation stated that the material which he sent as B. glandifloraYi^A 
been identified as coronaria by Prof. Helen M. Gilkey. 

In the Stellares section, both root-tip and anther material of B, minor var. 
nana zxi(i. B. stellaris showed that 2^ = 12 (figs. 3, 5) and f? = 6 (figs. 3a, 5a). A 
metaphase figure of the microspore division was counted and verified the count 
of ^ = 6 in B. stellaris (fig. $h), 

Corms were received from Purdy under the name B, purdyi. Jepson (8) does 
not mention this name, but both Abrams (i) and Hoover (5) gwe Hooker a pur dyi 
and Brodiaea purdyi as synonyms for Brodiaea {Hooker a) Since certain 



Figs, i-io.— Fig. i, B. elegans, root-tip metaphase. Fig. i a, same, early telophase I. Fig. 2, B. coro- 
naria, root-tip metaphase. Fig. 2a, same, metaphase II. Fig. 3, B. minor nana, root-tip metaphase. 
Fig. same, metaphase I. Fig. 4, B. purdyi, root-tip metaphase. Fig. 4a, same, anaphase I. Fig. 5, 
B. stellaris, root- tip metaphase. Fig. $a, same, metaphase I. Fig. sb, same, microspore division. Fig. 6, 
B. californica (Blue), root-tip metaphase. Fig. 6a, same, metaphase I. Fig. 7, B, (Lilac Pink), 

root-tip metaphase. Fig. 7a, same, metaphase I. Figs. 8-10, associations of 4 chromosomes at metaphase 
I. Fig. 8, B, elegans. Fig. 9, T. hyacinthina (aceto-carmine smear). Fig. 10, B. purdyi. 
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floral parts of Purdy^s B, purdyi were larger than the measurements given by 
Hoover for B. minor ^ some doubt existed as to the correct names for the plants 
under investigation. The differences to be enumerated later leave no doubt that 
two distinct forms are involved. Since Hoover separates B. minor var. nana 
from the species on the basis of smaller size without giving a complete set of 
measurements, the name is used here for the smaller plants. Although the other, 
larger plant is probably Hoover's B, minor, the name B, purdyi is retained in this 
discussion as an indication that the plants did not conform in every respect to any 
description given by Hoover. 

In vegetative characters B. purdyi, in contrast to B, minor var. nana, showed 
more vigorous growth with longer and broader leaves and usually more than one 
scape from a single corm. Significant differences in length of plant parts are given 
in table 2. In addition, the segments of B. purdyi recurved soon after the flower 

TABLE 2 

Measured differences between B. purdyi and 

B. MINOR VAR. NANA 


Plant part 

B. PXJRDYI 

B. MINOR V.AR. NANA 

Scape 

3-12 cm. (av. 8-9 cm.) 

3-13 cm. (av. 6 cm.) 

Tube 

7-8 mm. 

8-9 mm. 

Segments 

16-19 mm. 

■9-12 mm. 

Staminodia 

II mm. 

6-7 mm. 

Anthers 

6 mm. 

4 mm. 


opened, while those of B. minor var. nana did not. With increasing age the flowers 
of B. purdyi faded to a bluish violet, with a prominent, dark midvein, while those 
of B. minor var. nana darkened and shriveled. 

Root-tip cells of 5 . purdyi contain 32 chromosomes (fig. 4). At meiosis I and II 
the reduced number of 16 (fig. 4a) can be observed. Occasionally there are associa- 
tions of 3 or 4 chromosomes and one ring of 4 was observed (fig. 10). One plant 
set seed after being selfed. 

The only other species of Brodiaea studied was B, calif ornica, Purdy offers two 
color forms of this species, ^Xilac Pink" and ^'Blue." Under greenhouse conditions 
these color differences were not always noticeable. The leaves of the Lilac Pink 
plants tended to be wider than those of the Blue. For both lots the mitotic chromo- 
some number was 12 (figs. 6, 7) and the meiotic number 6 (figs. 6a, ja). At both 
stages the chromosomes of B. calif ornica Lilac Pink were slightly larger than those 
of the blue form. One of the corms received as B, calif ornica Lilac Pink produced 
white flowers, but no irregularities of chromosome structure or behavior were ob- 
served at meiosis. 
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Dichelostemma 

Of the six species and one variety listed by Hoover (6) in this genus, chromo- 
some counts were made of four species and one variety. Neither B. capitata nor 
B. capitata var. multifloraj as received from Purdy, flowered in Chicago. Accord- 
ing to synonomy, B. capitata is D, pulchellum, but a corresponding synonym for 
the variety ^^multiflora’’^ was not found. In both plants 2%=^ 18 (figs, ii, 12). 

D. congestum has a diploid number of 36 (fig. 13). The few meiotic stages ob- 
served did not give a clear picture of the chromosomes, but the number of bi- 
valents appeared to be approximately 18. Z>. volubile had a diploid number of 18 
(fig. 14), and 9 bivalents (fig. 14a) were seen at metaphase I. No seeds were set 
following selfing. D. ida-maia has a diploid number of 48 (fig. 15). The large num- 
ber of chromosomes made it difficult to distinguish individual bivalents at meiosis 
I, but at metaphase II approximately 24 chromosomes could be seen. One capsule 
of seed was collected following pollination of D. volubile with D. ida-maia pollen. 

Triteleia 

On the basis of the attachment and length of the anther filaments, Hoover (7) 
divides this genus into three sections, Eutriteleia, Calliprora, and Hesperoscor- 
dum. First among the plants in the section Eutriteleia, which have the stamens 
attached alternately in two rows on the perianth, is the type species of dhe genus 
T. grandijlora. The somatic chromosome number is 32 (fig. 16). Although a few 
flowers were produced which made it possible to identify the plants, there was not 
sufficient material for meiotic counts, since the corms tended to split into smaller 
units rather than to send up flowering scapes. 

The second species of the Eutriteleia section is T. peduncularis. Some confusion 
exists about two distinct plants which have been called by this name. According 
to Purdy (private correspondence with the writer), the plants which he has under 
the name J 5 . eastwoodii have been identified by western taxonomists as B, peduncu- 
laris. The plants which he carries as B. peduncularis are then without a name. 
This matter will be discussed in greater detail later. Since the plants did not 
flower, Purdy’s determination of two morphologically distinct plants is accepted, 
and according to Hoover’s nomenclature, B. eastwoodii is T. peduncularis, and 
B. peduncularis is unnamed. Examination of root-tip material reveals that for 
T. peduncularis 2>^= 14 (fig. 17), and in the unnamed species 2w = 28 (fig. 18). The 
leaves of T. peduncularis were unique in that the midrib region was triangularly 
thickened. Between the acute angle of the keel and the upper surface of the leaf 
there was a space, slightly pithy, which in cross section measured about 2 mm. 
on each of the three sides. 

According to Hoover (private correspondence and 7), T. laxa, as he recognizes 
it, contains several forms, but no clear-cut separation can be made on the basis of 



Figs. 11-22.— Fig. ii, D. pulchellum, root-tip metaphase. Fig. 12, D. pukhellum vai. ‘‘muUiflora ” 
same. Fig. 13,/?. congestum, same. Fig. 14, D. wlubile, same. Fig. 14a, Z>. volubile, metaphase I. Fig. 
15, D. tda-maia, root-tip metaphase. Fig. 16, T. grandiflora, same. Fig. 17, F. peduncularis, same. Fig. 
18, r. unnamed, same. Fig. 19, r, tea, same. Fig. 19a, F. to, metaphase I; bivalents drawn sepa 
ly. Fig. igb, same, microspore division. Fig. 20, same, root-tip metaphase with 2 extra chromosomes. 
Fig. 21, F. laxa Blue King, root-tip metaphase. Fig. 22, F. Candida, same. 
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morphological characters. Material received from Puroy under the names B, laxa, 
B. laxa Blue King, and B. Candida should all be called T. laxa, according to 
Hoover. In this study, however, the species names as given by Purdy will be 
used with the genus name Triteleia, since the three plants are somewhat distinct 
taxonomically and cytologically. As grown in the greenhouse here, T. laxa Blue 
King usually had slightly broader leaves, longer scapes, and flowers of a deeper 
lavender-blue than did T. laxa. The material was rather variable, especially with 
regard to the horizontal or upright orientation of the flowers, the location of the 
pistils along the lower side of the flowers or in a central position, and blue or white 
coloration of the stamens and pollen. T. laxa shows 27^=28 (fig. 19) in root tip 
and n=i4 (fig. 19a) at metaphase of meiosis I and the microspore division (fig, 
19&). One plant contained 30 chromosomes (fig. 20) in root-tip cells. The root-tip 
material of T. laxa Blue King shows 2n^42 (fig. 21). The massing of the large 
number made accurate counting of meiotic chromosomes impossible, but in a few 
cells two groups of approximately 21 chromosomes each could be seen at anaphase 
I. At diakinesis there appeared to be about 19-23 bivalents and 3-5 univalents, 
with very few chiasmata evident. The haploid number of 14 was seen at meiosis 
in at least one plant labeled T. laxa Blue King and in a microspore division figure 
from a similar plant where the expected number would be 21. Enlargement of the 
ovaries followed self-pollination in both T. laxa and T. laxa Blue King, but no 
seeds were produced. 

The plants of T. Candida differ from those of T. laxa in several respects. The 
flowers were produced 1-2 months earlier than those of T. laxa; they were slightly 
larger, and the leaves were wider and a more yellow green, with a succulent ap- 
pearance. This was not caused by some local difference in microclimate because 
the plants were all treated in the same way, and the differences were apparent 
both winters that the plants were grown. The morphological characters of T. Can- 
dida flowers were essentially the same as those of T. laxa, except for the smaller 
size of the anthers. Purdy (private communication) maintains that T. Candida 
and T. laxa can be distinguished by the angled pedicels and horizontal flowers of 
T. Candida and by the straight pedicels of T. laxa, which are never angled at the 
base of the tube. Since this information was received from Purdy after the 
T. candidaBomtis had ceased blooming, fresh material could not be examined, 
and pressed specimens were unsatisfactory on this point. As already stated, how- 
ever, some flowers of both T. laxa and T. laxa Blue King formed an angle with the 
pedicel, so the distinction does not always hold true. 

In r. Candida 2^ = 48 (fig. 22). Again meiotic counts were difficult, but about 
2 2-24 bivalents could be seen in several cases. Some of the configurations at meta- 
phase I suggested multiple associations of chromosomes, but the material requires 
further study. Two capsules of seed were collected following self-pollination 
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r. crocea, another member of the Eutriteleia section, had a somatic number of 
16 (fig. 23). Since these plants did not bloom, no meiotic counts were possible, 
and Purdy’s determination of the species was accepted. 

The Calliprora section includes those plants in which the anther filaments are 
alternately long and short but all attached at the same level. The varieties of 



Figs. 23-29. — Fig. 23, T. crocea, root-tip metaphase. Fig. 24, T. ixioides scabra, same. Fig. 24a, 
T. ixioides scabra, metaphase I. Fig. 246, same, microspore division (aceto-carmine smear). Fig. 25, same, 
root-tip metaphase with i extra chromosome. Fig. 25^^, same, metaphase I with fragment. Fig. 26, 
T. ixioides var. analina, root-tip metaphase. Fig. 27, T. hyacinthina, same. Fig. 28, T. hridgesii, same. 
Fig. 28a-, r. hridgesii, metaphase 1. Fig. 29, T. hendersoni, root-tip metaphase. Fig. 29a, same, micro- 
spore division. 

B, ixioides received from Purdy correspond with the two varieties of T. ixioides 
which Hoover (7) places in this group, T, ixioides var. scabra and T. ixioides var. 
analina. Three of the four plants from which root tips were collected showed 10 
somatic chromosomes (fig. 24) in T, ixioides var. scabra. The fourth plant had ii 
chromosomes (fig. 25), which exhibited greater extremes in length than did those 
of the “normal” complement of 10. Meiotic counts from two out of about twelve 
plants examined revealed an extra chromosome or chromosome fragment at meta- 
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phase I (fig. 25a) in addition to the normal five pairs (fig. 24a) characteristic of 
the majority of plants. The extra chromatic material was in the form of a small 
circular mass. It was never seen associated with a bivalent and frequently was at 
some distance from the group of bivalents. If present in a single cell, the fragment 
was present in all cells on the slide in which individual chromosomes or bivalents 
were distinguishable. At anaphase I and telophase I the fragment appeared ca- 
pable of going undisturbed to one of the daughter nuclei. Frequently the frag- 
ment became isolated in the cytoplasm or remained between the two masses of 
cytoplasm which rounded up around each nucleus preliminary to the formation 
of a cell wall between the daughter cells. None of the material obtained showed 
the fate of the fragment in meiosis II. The reduced number of five chromosomes 
was observed in one microspore (fig. 24b). Two plants set seed following selfing. 

T. ixioides var. analina has a somatic chromosome complement of 50 (fig. 26). 
Meiotic stages in which the chromosomes could be counted were not obtained. In 
a few cells there was a small circular mass of chromatin separate from the mass of 
metaphase I bivalents. At later stages there was very rarely a ^ ^fragment’ ^ as- 
sociated with one or both of the masses of chromosomes at telophase I and meta- 
phase II. Attempted crosses between the two varieties with T. ixioides var. ana- 
lina as the pollen parent were unsuccessful. 

Chromosome counts were made of three species included in the section Hes- 
peroscordum, which contains plants with equal stamens. The material of T, hya- 
cinihina from Oregon was identical with that obtained from Purdy. Both had a 
somatic number of 28 (fig. 27). The plants did not flower profusely, and the 
meiotic material suggests 14 bivalents at metaphase I and 14 in each chromo- 
some group at metaphase II, but the determination could not be made posi- 
tively. A ring of four chromosomes (fig. 9) was seen in two separate cells. 

T , hendersoni has a diploid number of 32 (fig. 29). No meiotic material was ob- 
tained, but the reduced number of 16 was observed at metaphase of the micro- 
spore division (fig. 29a). In the absence of any mature flowers, the species deter- 
mination of Purdy is accepted. 

In T, bridgesii 2n=i6 (fig. 28). Eight bivalents were observed at metaphase I 
(fig. 28a) . Self-pollination resulted in enlarged ovaries, but no seeds were matured. 

Discussion 

The preceding observations indicate that the plants commonly known as Brodi- 
aeas comprise a far from homogeneous group. Taxonomically three divisions can 
be recognized. Cytologically there might be postulated five groups, with basic 
numbers of 5, 6, 7, 8, and 9, since the diploid numbers of 10, 12, 14, 16, and 18 
occur as well as multiples of these numbers. Grouped according to known chromo- 
some numbers, the lines of the natural divisions as outlined by taxonomists would 
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be entirely obscured. A more fruitful — and in this case perfectly justifiable — ap- 
proach to the problem is to show that each of the three genera, Brodiaea, Dichelo- 
stemma, and Triteleia, comprises a cytological as well as a taxonomic unit. It is 
unfortunate that none of the species studied have trabants or other means of 
ready identification of individual chromosomes. Even the centromere cannot al- 
ways be located. Comparative lengths of chromosomes are helpful when cells can 
be found in which the chromosomes all lie in the same plane throughout their 
length. 

Within the genus Brodiaea, as used in the limited sense, there are found three 
somatic numbers, 12, 32, and 42. Six, the gametic number of three of the six 
plants examined, may be considered the basic number. The similarity of the 
chromosomes of B. minor var. nana^ B. stellaris, and B, calif ornica is clearly seen 
in figures 3 and 5-7. In each plant the shortest chromosome has an approxi- 
mately subterminal centromere and the longest chromosome a median constric- 
tion, indicating the position of the centromere. Likewise each of the other four 
chromosomes in B. minor var. nana has its counterpart in B. stellar is and B. cali- 
f ornica: Although each chromosome of B. calif ornica is larger than the similar one 
in the other two species, the straight progression from shortest to longest is rela- 
tively the same for all three species. This indicates a close relationship between 
the species. 

Plants received as B. purdyi^ 2^ = 32, may be derived from a hexaploid variety 
of a jB. minor var, nana plant containing 36 chromosomes. A theory such as the 
“dislocation” hypothesis of Navashin (ii) could account for the change from 
36 to 32 somatic chromosomes. The observation of meiotic irregularities in material 
of B, pur dyi lends support to a theory which involves changes in chromosome 
number and morphology. It is impossible to recognize the 6 basic chromosomes 
and determine the degree of “ploidy” by a critical examination of the somatic 
or meiotic cells of B. pur dyi ^ but the general range of length is similar to that 
found in the plants in which 2n= 12. 

The chromosome numbers of B, elegans, 2^ = 32, and B. coronaria, 2^ = 42, do 
not suggest a close relationship between these species and those of the Stellares 
and Appendiculatae, although such a relationship may have existed at one time. 
jB. coronaria could be considered a heptaploid, but the number for B. elegans is 
not a multiple of 6. It is possible that polyploidy could have produced two plants 
with counts of 36 and 48 from plants in which 2?^= 12. Subsequent additions and 
deletions of whole chromosomes or parts could then have brought about the evolu- 
tion of the present numbers of 32 and 42. The quadrivalent association observed 
in B. elegans indicates that a reciprocal translocation has occurred. Such a hy- 
pothesis of the origin of the species does not correlate with Hoover’s statement 
(5) that the plants included in the Coronariae are the most primitive from the 
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standpoint of morphology. The facts, however, that B, elegans and B. coronaria 
have been confused by many taxonomists and put under one species, as may even 
be the case for the plants here studied, and that intermediate forms have been 
reported near the northern and southern limits of the range of B. elegans^ suggest 
that here may be a group of plants in which chromosome number can be of aid in 
species delimitation. The species may be in the process of evolution through the 
development of ecotypes and ecospecies. The fact that B. elegans set seed indi- 
cates that these plants have at least reached an equilibrium which allows normal 
sexual reproduction, if the seeds produced are viable. The frequent occurrence of 
bridging in B. coronaria suggests that this species has not attained a similar degree 
of stability. Duplication of a set of 6 chromosomes cannot be identified; but as in 
B. purdyi, the general range in length and width of the chromosomes is similar 
to that in the other species of the genus. 

Johansen (9) previously reported chromosome counts for four species of Hook- 
era, which is synonymous with Brodiaea as used by Hoover (4). His 2n=i2 for 
B. stellaris agrees with the present findings. His drawing of a root-tip cell of 
B. calif ornica suggests that perhaps 2 of the longest chromosomes may in reality 
be 4. Such an interpretation would then give a somatic count of 12 as reported 
here. Conversely, 2 of the chromosomes of B, minor as drawn by Johansen 
would need to be joined to 2 others to agree with the present count of 12. Such 
corrections are suggested on the basis of very clear mitotic and meiotic figures. 
The haploid and diploid numbers of 21 and 42, respectively, reported by Johan- 
sen for Hooker a coronaria, suggest that the material tentatively named B\ coro- 
naria in this study is indeed that species. Sufficient meiotic material was not 
available for Johansen to observe the presence or absence of irregularities in 
chromosome behavior in B, coronaria. 

Dichelostemma is the most homogeneous genus with respect to chromosome 
number. Z>. pulchellum, a variety of this species, and D. voluhile each have a so- 
matic number of 18. Nine bivalents could be clearly distinguished at metaphase 
I in D. voluhile. D. congestum, which has 36 chromosomes, is then a tetraploid or 
a hexaploid, depending upon the point of view. On the basis of these four plants 
alone, and bearing in mind that they are assigned to a separate genus, it would 
be supposed that the basic number is 9 and that D. congestum is a tetraploid. 
Added to this evidence is that of the production of seed by D. pulchellum, which 
would be more usual in a diploid than in a triploid. On the other hand, D. ida- 
mam, with a number of 2^ = 48, is also included in the genus. Forty-eight is a 
multiple of 6 but not of 9. It has been suggested by many that, because of the 
peculiar type of flower, D. ida-maia should be assigned to a separate genus. There 
are, however, certain morphological similarities to the members of the genus 
Dichelostemma, and if it is true that D. venustum is hybiid of D. voluhile 
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D. ida-maia^ the latter would be expected to belong to the same genus rather than f 

to a separate one. In this work several flowers of D. volubile were pollinated with ^ 

D. ida-maia pollen, and two somewhat shriveled seeds were produced. Whether 
or not they are capable of germination has not yet been determined. ' 

A hypothetical solution of the relationships of the plants included in Dichelo- 
stemma would be- that far back in the beginning of the Brodiaea complex, 6 was 
the basic number. By various means one group of plants may have evolved with 
9 as a secondarily basic number. Paralleling the duplication of certain chromo- 
somes to give the diploid number of i8, an octoploid with 48 chromosomes may 
have arisen which in certain respects had a genetic make-up similar to that of the 
2n=iB> plant. Thus gross morphological characters might be similar and chromo- 
some complements be sufficiently alike to allow crossing. It would be of interest 
to know the chromosome number of D. venustum. 

Johansen (9) counted the chromosomes of five species in this genus, one of 
which, Z). multiflorunij was not obtained for this study. The reported 2n number 
of 30 might be considered to strengthen the hypothesis of 6 as a basic number. 

The counts of three other species by Johansen agree in the case of D. congestum 
but are multiples of 18 for D, wluhile and D. pulchellum (table i). Such variations 
suggest the existence of polyploid races within a species which are indistinguish- 
able in general morphology. Johansen counted about 20 haploid chromosomes in 
meiosis in the microsporocytes of Brevoortia (D. ida-maia) and reported that this 
may be a plant with oscillating chromosome numbers. Although there was some “ 

difficulty in counting the chromosomes of D. ida-maia for this study, it was at- 
tributed to the fact that several very small chromosomes were easily obscured 
by the larger ones rather than to an actual variation in number. Johansen men- 
tions this striking variation in size. D. congestum likewise has some very small 
chromosomes. These short chromosomes, and the fact that all the species in- 
cluded in Dichelostemma tend to have much smaller chromosome diameters than 
do those of the other genera, further justify the separation of this group into a 
distinct genus. 

Cytologically the genus is distinguished by the variation in chromo- 

some numbers among the species and the high proportion of species and varieties 
with meiotic irregularities. In addition, T. ixioides var. scabra and T, laxa plants 
contained individuals with chromosome numbers higher than the number in the 
majority of plants. This aneuploid condition is similar to that found by Beal (2) 
in the Mariposa section of Calochortus. Somatic chromosome numbers of Triteleia 
include 10 (ii), T4, 16, 28 (30), 32, 42, 48, and 50. Three groups can be recog- 
nized: {a) those with 10 (ii) and the decaploid 50; (5) those with a diploid num- 
ber of 14, the tetraploids with 28, and the hexaploid with 42; {c) those with a 
diploid number of 16 and the tetraploids with 32. The species with a diploid num- 
ber of 48 could be a hexaploid in the third group or belong to a distinct group of 
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which the basic number was 6. The material examined gave no cytological clue 
as to possible relationships. Table i shows that the sections set forth by Hoover 
(7) and the preceding three groups do not include the same plants. Further cyto- 
logical and taxonomic work on the genus is needed to reconcile these differences. 

No basic number for Triteleia can be suggested on the basis of present findings. 
Multiples of 7 nnd 8 occur in equal numbers. The presence of rings of 4 chromo- 
somes in T. hyacinthina, rings of 4 and 6 chromosomes reported by Smith (12) 
for T. hyacinthina plants with probably twice the chromosome number reported 
here, fragments in the two varieties of T. ixioides, the paucity of chiasmata and 
the presence of univalents in the T. laxa Blue King material, and the early separa- 
tion of the small chromosomes at meiosis in the T. laxa material, all suggest that 
chromosome changes have played and are continuing to play a significant role in 
the evolution of species of Triteleia. No wonder it is a difficult group taxonomi- 
cally. It is even possible that 6 was again the original number and other numbers 
have been derived from a diploid plant with 12 chromosomes. The mechanism 
for such changes has been outlined by Navashin (ii) and applied by Beal (2) 
in his discussion of the Mariposa section of Calochortus. 

The foregoing discussion of cytological findings has demonstrated that chromo- 
some counts may be used to substantiate the division of Brodiaea into three 
genera. Each group is characterized by a separate basic number or by the absence 
of such a number. It is realized that the evidence is not conclusive, that on the 
basis of chromosome number alone, B. elegans and B. coronaria could be assigned 
to the Triteleia group or even all the plants considered a part of a single genus 
complex, but combined cytological and taxonomic findings indicate that the divi- 
sion into three groups is justified. 

While the chromosome counts agree with taxonomic classification in general, 
this study indicates the need for taxonomic reexamination of certain species. 
First in Brodiaea, chromosome counts would indicate that B. nana var. minor is 
the species (2^ = 12) and that the material received as B. purdyi (2^ = 32) is a 
variety derived from the plants with a lower count. More vigorous growth as 
noted in B. purdyi is frequently associated with polyploidy. The presence of a 
ring of 4 chromosomes and a chain of 3 at meiosis I suggests polyploidy and chromo- 
some rearrangement, including reciprocal translocation. Hoover, in a private 
communication to the writer, suggested that the material which Purdy carries 
as B. minor may be B. minor var. nana. He further stated that Eastwood, who 
originally described B. purdyi, has seen the type specimen of B. minor m England 
and finds the two identical.' It then remains to re-examine the question of whether 

^ It is also interesting to note that the B. purdyi material grown here corresponds more closely with 
Eastwood’s (3) original description of the species than with Hoover’s (5) description of B, minor. 
Eastwood gives the staminodia length as 13 mm, in contrast to 7-10 mm. and further states that the 
perianth segments spread widely, recurve, and possess a dark mid vein. 
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B, minor and B. minor var. nana are a species and a variety or whether they each 
deserve specific rank. The difference in chromosome number lends support to 
the latter view, as do also the differences in the flowers as given earlier in this 
paper, A knowledge of the chromosome numbers of the forms reported by Hoover 
(5) which are intermediate between B. minor and B. minor var. nana might be 
critical for a solution of the problem. 

Taxonomic and cytological findings seem to be in agreement within the genus 
Dichelostemma. This is not so completely true in Triteleia. Chromosome counts 
may be a definite aid in the solution of the status of B. peduncularis and B. east- 
woodii. The latter has never been “adequately published under existing rules of 
nomenclature’’ (Hoover, private communication), and for that reason is not 
listed anywhere as a synonym by him. In the following discussion, however, 
B. peduncularis and B. eastwoodii will be used for the sake of clarity to designate 
the plants received from Purdy under those names. The diploid number of 
B. eastwoodii is 14 and that of B. peduncularis is 28. This suggests that the latter 
is a tetraploid which has arisen from B. eastwoodii. The greater length of peduncle 
reported by Purdy would further substantiate the theory. The isolated and limi- 
ted habitat, supposedly inaccessible to early botanists, in which B. peduncularis 
was found by Purdy, may indicate that it is of recent origin and has not yet ex- 
tended its range. Whether it was found by earlier botanists is questionable. 
Purdy maintains that his B. peduncularis more nearly resembles the plant de- 
scribed by Watson than does the plant for which the description was made, 
Purdy’s B. eastwoodii. In this he is supported by Mr. Baker of Santa Rosa 
Junior College. Both Eastwood and Hoover maintain that Purdy’s B. east- 
woodii is the true and original B. peduncularis as described by Watson. Purdy 
suggests that perhaps type localities in some of the older collections are inaccurate, 
and that his B. peduncularis might have been collected and described as such. 
Later collectors might then have collected Purdy’s B. eastwoodii from the incor- 
rectly given type locality of B. peduncularis and assumed the material to be 
B. peduncularis without examining it critically. Whatever is decided concerning 
the names and taxonomic classification of the two plants, the chromosome num- 
bers indicate that they are closely related and that “B. peduncularis^^ could be a 
tetraploid derived from “B. eastwoodii. 

Observations made upon the plants received from Purdy under the specific and 
varietal names T. laxa, T. laxa Blue King, and T. Candida indicate that here, in- 
deed, are two species and a variety or form of one of the species rather than a 
single species, r. as described by Hoover. T. laxa has a haploid number of 
14 and diploid number of 28. The observance of 30 somatic chromosomes in the 

= Private communications from Purdy are the source of much of the information given in this para- 
graph. 
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roots of only one plant indicates that this number is the exception and not the 
rule. The presence of 42 somatic chromosomes in T. laxa Blue King suggests that 
this is a hexaploid form of the T. laxa material. As the plants flowered in the 
greenhouse, those of T. laxa Blue King were darker in color, the perianth seg- 
ments did not spread so widely, and the leaves were slightly wider than those of 
T. laxa. In other characters, however, such as angle of attachment of the flowers, 
color of the stamens, and perhaps even chromosome number, the T. laxa Blue 
King plants were variable and intergraded with T. laxa. Such evidence indicates 
that T. laxa is a variable species, and that while chromosome counts may give a 
basis for separation into varieties, consistent morphological characters may not 
exist to make the separation possible. 

Plants studied as T. Candida^ however, have both morphological and cytological 
characters which distinguish them from the T. laxa complex. The somatic num- 
ber is 48, which is not an exact multiple of 7 as are the counts for T. laxa. The 
anthers of T. Candida are only 2 mm. in length, while those of T. laxa are 3“4 mm. 
T. Candida finished blooming before T. laxa had opened a single flower. The leaves 
of T. Candida were yellowish green and 16 mm. wide; those of T. laxa were dark 
green and 5-10 mm. wide; those of T. laxa Blue King were 7-15 mm. wide. It is 
debatable whether ^^candida''^ is the correct specific name to use, since the flow- 
ers of the plant originally described as T. Candida were white, but the need for 
separation from T. laxa is indicated. 

The presence of an extra chromosome in the root-tip cells of one plant of 
T. ixioides var. scabra does not alter the fact that 10 is considered the typical 
somatic number. The fact that an extra fragment is present at meiosis lends in- 
terest to the situation. Figures 24 and 25 indicate that the increased number is 
not merely the result of the duplication of a single chromosome, nor could there 
have been a loss of a single chromosome from a complement of 12. The normal 
complement is made up of a pair of short chromosomes with a subterminal centro- 
mere, 4 chromosomes of medium length with submedian centromeres, and 4 long 
chromosomes — 2 with a submedian centromere and 2 with an approximately 
median centromere. In the complement with an extra chromosome there are 4 
long chromosomes and 4 of medium length, and in addition an extra long chromo- 
some, a shorter than normal chromosome, and a chromosome of about the same 
length as the shortest in the normal complement. Such a situation could have 
arisen through duplication of a medium length or a small chromosome which sub- 
sequently became fragmented. One small fragment may have become attached 
to an end of one of the long chromosomes with a median centromere. Another 
fragment may have become attached to one of the shortest chromosomes. It is 
supposed that meiotic figures with an extra chromatin mass at metaphase I oc- 
curred in plants with a somatic number of ii, but there are no records to prove 
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the assumption. If the ^ fragment” did arise through duplication and fragmenta- 
tion, it is strange that it was never observed associated at meiosis with one or 
both of the chromosomes of which it was originally a duplicate. Its small size is 
the most probable contributing cause. If the fragment possesses a centromere, it 
could be carried regularly through the process of sexual reproduction and be per- 
petuated. Also through vegetative propagation an irregularity of chromosome 
number could be retained in ever-increasing numbers of plants, regardless of 
whether or not they were capable of sexual reproduction. If the change had oc- 
curred far back in the history of the species, subsequent genic changes could ac- 
count for the absence of multiple associations. This explanation of the presence of 
a chromosome fragment is largely hypothetical, but it is an application of Nava- 
shin’s dislocation hypothesis (ii) and is based on the known facts that trisomic 
plants may arise and that parts of chromosomes may be translocated to non- 
homologous chromosomes. 


Summary 

1. The chromosome numbers of twenty-four species and varieties of Brodiaea 
have been investigated. 

2. Somatic numbers of 10 (ii), 12, 14, 16, 18, 28, 28 (30), 32, 36, 42, 48, and 50 
chromosomes were observed. An incomplete series of corresponding gametic num- 
bers includes 5 (6), 6, 8, 9, 14, 16, and 21. 

3. Taxonomic and cytological findings seem to justify the separation of the 
material examined into three genera, Brodiaea j Dichelostemma^ and Triteleia. It 
is suggested that the basic number for Brodiaea is 6, and for Dichelostemma the 
secondarily basic number 9, derived from 6; the variation of numbers in Triteleia 
is too great to postulate any one basic number. 

4. The need for reconsideration of certain specific delimitations is suggested 
on the basis of cytological and taxonomic observations. 

5. Variation of chromosome number is reported for two plants and an explana- 
tion for one of the variations offered on the basis of duplication of a chromosome 
and subsequent dislocation. 

The writer acknowledges with sincere thanks the encouragement and guidance 
given by Dr. J. M. Beal during this investigation. Completion of this work was 
made possible by the Fanny Bullock Workman Scholarship from Wellesley Col- 
lege. 
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SEROLOGICAL STUDIES OF THE ERWINEAE. IL SOFT-ROT 
GROUP; WITH SOME BIOCHEMICAL 
CONSIDERATIONS 

R. P. ELROD 

Introduction 

The taxonomy of the soft-rot group of organisms has had the attention of many 
workers in phytobacteriology. The group includes four species: Erwinia caroto- 
vora (Jones) Holland, E. phytophthora (Appel) Bergey et al., E. solanisapra (Har- 
rison) Holland, and E, aroideae (Townsend) Holland. Two other little known 
species are sometimes included, E, flavida (Fawcett) Magrou and E. erivanensis 
(Kalantarian) Bergey et al. Much evidence has accumulated to the effect that the 
group is but one variable species (ii, 21, 2, 8), and numerous facts have also been 
offered for the separation of one or more species (13, 12, 5, 10). On the basis of 
previous work, however, it has become increasingly clear that the group at best is 
a heterogeneous one, and probably not susceptible to satisfactory classification. 

Both E. aroideae and E. solanisapra have been declared to be variants of either 
£. carotovora or £. phytophthora. Leach (ii), in his list of synonyms for the black- 
leg pathogen, fails to list E. aroideae^ but apparently he considers it the same as 
E. carotovora, Bonde (2) supports this idea, which was originally proposed by 
Harding and Morse (8) . The latter workers considered it to be only an anaero- 
genic strain of E, carotovora. E. solanisapra, on the other hand, is considered by 
Leach as synonymous with E. carotovora. Morse (17) likewise concluded that 
Bacillus atrosepticus, B. melanogenes, and B. solanisaprus were but one species. He 
was supported in this contention by Jennison (9) . 

From the extensive evidence, both pro and con, there seem to stand out two 
significant facts in favor of separating the soft-rot group into two distinct species : 
(i) results of inoculating into potato plants; and (2) maltose fermentation. Ac- 
cording to Lacey (10) and Ddwson (5), if an organism can cause a soft-rot of 
potato accompanied by blackening of the stems, and if it ferments maltose, it is to 
be considered distinct from Bacterium carotovorum, which does not blacken potato 
stems or ferment maltose. This organism Dowson calls Bact. phytophthorum 
(Appel) comb. nov. Leach has contended that stem blackening cannot be accepted 
as a criterion for separation, since, according to his experiments with a representa- 
tive group of soft-rot organisms, there occurred varying degrees of blackening, 
which offered no clear-cut differentiation. He concluded that it was impossible to 
separate one species from another on this basis. Dowson (4), however, confuses 
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the issue still further by considering Bact. aroideae and Bad, carotonorum distinct, 
and lists the latter as ''maltose—” and the former as "maltose+.”' 

It was deemed advisable to determine whether any correlation does exist be- 
tween maltose + and maltose— isolates and definite serological grouping. Before 
beginning the immunological studies, however, it was decided to ascertain whether 
or not there were any other fermentation data which might aid in either grouping 
all into a single species or separating into two species. At the same time, the anti- 
genic structure of the organisms has been examined more thoroughly than 
heretofore. It was considered worthwhile also to ascertain the nature and specific- 
ity of extractable carbohydrate materials. 


Cultures employed 

The cultures employed^ are as follows: 

4 — £ aroideae^ isolated from carrot. Brown University, R. P. Elrod, 1938. 

5. — E, aroideae^ isolated from carrot. Brown University, R. P. Elrod, 1938. 

II. — E. aroideae, isolated from carrot, Brown University, R. P. Elrod, 1938. 

P4. — E. phytophthora, isolated from potato, Ohio State University, R. P. El- 
rod, 1939. 

ES. — E. phytophthora, isolated from Delphinium ajacisE., P. A. Ark, Berkeley, 
California, 1938. 

NZ. — E. melonis, isolated from turnip, E. L. Cunningham, Auckland, New Zea- 
land, 1939. 

EA. — E. aroideae, isolated from pumpkin fruit, P. A. Ark, Berkeley, California, 
1938. 

CAi.— E. carotovora, University of Chicago, G. K. K. Link, 1939. 

CA2. — E. carotovora, University of Chicago, G. K. K. Link, 1939. 

EP. — E. solanisapra, A. T. C. C. no. 4668, 1939. 

EMN. — E. melonis, A. T. C. C. no. 920, 1939. 

496. — E. phytophthora, A. T. C. C. no. 496, 1940. 

495. — E. carotovora, A. T. C. C. no. 495, 1940. 

494.— £. aroideae, K. T. C. C. no. 494, 1940. 

EC. — E. carotovora, Ohio State University stock culture, originally from Uni- 
versity of Texas, 1938. 

WV3.— -B. atrosepticus, originally from United States Department of Agricul- 
ture, obtained through A. R. Stanley, University of West Virginia, 1940. 

^ Throughout this paper, maltose— refers to the failure to ferment maltose, while maltose-f- indicates 
the formation of acid, or acid and gas. 

2 The writer is indebted to Drs. P. A. Ark, G. E. K. Link, E. L. Cunningham, and A. R. Stanley 
for some of the cultures employed. 
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WV4. — B. dissolvenSj originally from United States Department of Agriculture, 
obtained from A. R. Stanley, University of West Virginia, 1940. 

WV6.^ — dissolvens^ isolated from stalk rot of sweet corn, A. R. Stanley, Uni- 
versity of West Virginia, 1940. 

All these cultures proved pathogenic on either carrot or potato slices, some to a far 
greater degree than others. Each organism in the list bears the name under which 
it was received. Several of these are now considered synonymous with one of the 
four accepted species. E. melonis (Giddings) Holland is now declared to be a syno- 
nym of £. aroideae (Chester, in Bergey et al., i). Bacillus dissolvens is said to be 
identical with E. carotovora (20, i), while B. atrosepticus is considered synonymous 
with E. phytophthora (ii, i). 

1. Fermentation experiments 
Methods 

Fermentative studies of the soft-rot group have seldom been undertaken with 
any completeness. Except for the more common carbohydrates, our knowledge of 
the fermentative abilities of these organisms has been meager. Staff (21) made 
a detailed study of the fermenting capacities of many of the soft-rot organisms, 
but this was done before the group, as now understood, had been formulated. 
With this in mind, it was deemed advisable to employ as many fermentable sub- 
stances as were on hand. These totaled twenty-six carbohydrates, higher alco- 
hols, and glucosides. 

Durham fermentation tubes were employed. The medium was nutrient broth to 
which was added enough of the fermentable substance to make a solution of i per 
cent. Brom-cresol-purple was used as an indicator. The sugars were sterilized by 
filtration through either a Seitz or Berkefeld filter and added aseptically to the 
sterile broth. Tubes were inoculated from fresh agar cultures and observed over a 
period of 5 weeks. The experiments were performed in triplicate. 

Results 

Table i shows how active all the isolates were in utilizing the majority of the 
carbohydrates. Lactose, sucrose, dextrose, arabinose, galactose, inositol, levulose, 
mannitol, salicin, mannose, and glycerol were fermented in each instance. Eryth- 
ritol, melezitose, inulin, dextrin, and dulcitol were fermented in rare cases. Sor- 
bose and adonitol were attacked by none of the eighteen isolates. Eight cultures 
fermented maltose, while six broke down sorbitol. 

On the criterion of gas production, the eighteen cultures formed roughly three 
groups: (a) those that formed only acid in any of the media (EC, 5, ii, 4, EA, 
EMN, WV3, and 494) ; {b) those that produced a small, immeasurable quantity 
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of gas in some media, often only a small bubble that dissolved into the liquid (NZ, 
ES, 496, and 495) ; and (c) those that produced at least 10 per cent gas in the vial 
(P4, EP, CAi, CA2, WV4, and WV6). All the last group fermented maltose, while 
none of the acid-forming group attacked this disaccharide. Two of the intermedi- 
ate group (ES and 496) also fermented maltose, with the formation of acid only, 
while the two other members (495 and NZ) failed to do so. 

The culture NZ was a fairly recent isolate (2 months) when tested and probably 
never had the ability to form abundant gas. Culture ES has had a peculiar his- 
tory. When first received it produced abundant gas in lactose, dextrose, and su- 
crose, but this property was lost while the culture was continued in stock. Experi- 
ments, however, proved that this loss of gas production did not parallel an anti- 
genic change. Both 495 and 496 had been carried in stock for years and might pos- 
sibly have lost the ability to form gas abundantly. It is probably also worthy of 
note that 496 was originally identified as B. phytophthorus by Appel, from whom it 
was received in 1906 by the Bureau of Plant Industry, United States Department 
of Agriculture. Culture 495, on the other hand, was received from L. R. Jones in 
1920 by the American Type Culture Collection as a culture of E. carotovora. The 
history of the latter two organisms is interesting in view of the fact that 496 is 
maltose + and 495 is maltose—. 

The writer supports the contention that E. aroideae is synonymous with E. 
carotovora. In the present small series of fermentation tests are found every inter- 
gradation of gas production, and also evidence that a strong aerogenic organism 
can become almost anaerogenic. It seems improbable that a definite division can 
be made on the basis of gas production. Stanley (19) recorded sixty-seven 
changes in the fermentative capacity of forty-three organisms in the breakdown 
of dextrose, lactose, and sucrose. These changes included the inability to ferment 
one or more of those sugars as well as changes from an aerogenic to an anaerogenic 
state, or vice versa. 

In the maltose-fermentation experiment this substance was broken down by all 
the gas-producers and some of the anaerogenic strains. Two of the strains, NZ and 
495, which fermented many carbohydrates with the formation of a small quantity 
of gas, did not ferment maltose. In subsequent experiments NZ was proved to be 
identical antigenically with a strain of £. aroideae (EA), which is a strictly anaero- 
genic organism. The case of 495 has already been mentioned. If it is in reality 
representative of the E. carotovora group, it would be expected not to ferment mal- 
tose (5). Most of the organisms at my disposal, however, considered to be E. 
carotovora or a synonym of it, fermented maltose. 

Of all the substances used, only one other (sorbitol) seems to offer anything for 
satisfactory use in the way of a natural separation. As can be seen in table i, all 
the abundant gas-producers fermented sorbitol, while none of the anaerogenic or 
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meager gas-formers broke it down. Sorbitol fermentation experiments have been 
previously reported in this group by Stapp (21) . He obtained negative results with 
all his strains, which included Bacillus phytophthorus^ B, atrosepticus, B. caroto- 
voruSj and B. solanisaprus. Two organisms (ES and 496), which fermented maltose 
with the production of acid only, failed to attack sorbitol. But for these reactions, 
there was absolute agreement between the maltose and sorbitol fermentation. It 
is entirely possible that sorbitol fermentation is of considerable significance. This 
can be determined only by a more exhaustive study. 

II. Serological results 

Immune sera were prepared against thirteen of the eighteen cultures: four 
anaerogenic strains — 4, EA, EMN, and ii (all maltose—); three which produced 
small quantities of gas — NZ (maltose—), 496, and ES (maltose+); and all six of 
the gas-producing organisms— P4, EP, CAi, CA2, WV4, and WV6 (all maltose+). 

The results of the cross-agglutination tests are found in table 2. It is evident 
that there was a fair degree of cross-agglutination throughout the whole group, 
since there was a total of forty reactions out of a possible two hundred and twenty- 
one, or 18. 1 per cent. This is exclusive of the homologous reactions. Only those 
reactions which attained at least a titer of 1:40 were considered. The average 
homologous titer of the thirteen sera employed was 22,1 10, while the forty heterol- 
ogous reactions had an average titer of 2950. The titers of the cross-reactions 
ranged between 80 and 20,480. Normal sera drawn in every case failed to aggluti- 
nate any of the organisms in a dilution of i : 20 or greater. 

If, however, the maltose + and the maltose— organisms are considered sepa- 
rately, a far higher degree of correlation is obtained. The five sera prepared 
against the non-maltose fermenting organisms agglutinated 33.3 per cent (fifteen 
of a possible forty-five) of the maltose— group. The average homologous titer of 
these sera was 13,312, while the fifteen heterologous titers averaged 2251. On the 
other hand, the eight sera prepared against maltose+ organisms produced 28.6 
per cent (sixteen of a possible fifty-six) cross-reactions with the maltose fer- 
menters. The average homologous titer in this case was 27,885 and the heterolo- 
gous average was 4165. 

Although the percentage of cross-reaction was higher in the maltose— group, 
three organisms, WV3, 494, and 495, failed to react with any of the sera. The per- 
centage of cross-reactions would doubtless have been lower had sera been pre- 
pared against one or more of these organisms. The maltose + organisms all 
showed some degree of cross-agglutination within that group. 

Probably just as significant as the fairly high percentage of cross-reaction with- 
in the fermentative groups, if not more so, was the very small amount of cross- 
agglutination found among them. There were but nine reactions out of a possible 
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one hundred and twenty, or only 7.5 per cent. Hence the bulk of the 18. i per cent 
cross-reaction occurred within the maltose+ and maltose— groups. Four of the 
nine crosses were due to the borderline organism, ES, which produces only acid in 
maltose and serologically is extremely close to two members of the maltose— 
group. Subsequent adsorption experiments have shown EA and NZ to be identical 
and ES to contain an antigenic component common to these two. 

TABLE 2* 

Results of cross-agglutination experiments 


Immune sera prep.ared against 


Organism 

AGGLUTINATED 


Maltose 

- 


Maltose + 

4 

EA 

EMN 

II 

NZ 

ES 

496 

P4 

EP 

CAi 

CA2 

WV4 

WV6 

4 • • . • 

RC. 

20480 

80 

320 

10240 

80 

- 

- 

160 

- 

- 


- 

- 

EA 

I 

10240 

__ 

80 

10240 

5120 

— 

— 

— 


__ 

_ 

— 

5 

640 

— 

160 

640 

— 

— 

— 


— 

— 

— 

— 

— 

EMN 

80 

— 

5120 

160 

_ 


160 

— 

__ 

— 

— 


— 

II 

320 

160 

320 

0 

00 

0 


— 

_ 

160 

— 

__ 

— 

— 


WV3 


- 

— 


— 

— 

— 

“ 

— 

— 

— 


- 

494 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 


— 

— 

NZ 


10240 

— 

— 

10240 

5120 

— 

— 



— 

— 

— 

495 

— 

— 

— 


— 

— 

— 

— 

— 

— 


— 

— 

ES 

— 

640 


— 

5120 

40960 

— 


- 

— 

— 

— 

— 

496 

— 

— 

— 

— 

— 

— 

5120 

— 

— 

— 

— 

5120 

— 

P4 

640 

— 

— 

320 

— 

640 

_ 

20480 

160 

2560 

80 

— 

— 

EP 

— 

— 

~ 

— 


320 

— 


40960 

— 

— 

5120 

20480 

CAi 

~ 

— 

— 

— 

— 

160 

— 

5120 

— 

20480 

1280 

— 

— 

WV4 

— 

— 

— 

— 

— 

— 

2560 

— 

5120 

— 

— 

10240 

— 

WV6...,, 









10240 




81920 


* Normal serum and saline controls negative. All titers referred to as their reciprocals, 
t less than i .-40. 


Adsorption experiments were conducted in the majority of the cases in which 
cross-agglutination occurred. The numerous experiments were not informative. 
It could be definitely shown that for the most part the various agglutinative groups 
did possess common factors, which manifested themselves on adsorption by caus- 
ing a reduction of the homologous titer. By means of these experiments it was pos- 
sible to identify twenty-two different flagellar components in the eighteen organ- 
isms. Their pattern, however, offered no hope of forming definite serological 
groups. 

During the course of agglutination and agglutinin-adsorption investigations, a 
situation arose that was felt to need further study. The organism EP has been 
shown to be virtually analogous to CAi, CA2, and P4 from a biochemical stand- 
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point. To be sure there were certain differences, but these apparently were not sig- 
nificant. Serologically, EP showed little relationship to these three organisms. 
Only in the case of P4, which agglutinated to a titer of 160 in EP antiserum, was 
there evidence of cross-reaction. The reason for this unilateral expression was dif- 
ficult to determine. 

With this in mind, adsorption tests were carried out with EP on P4 antiserum. 
As can be seen in table 3, all the cross-reacting agglutinins were removed and the 
homologous titer was reduced from 20,480 to 1280. Repeated adsorptions failed to 
reduce this latter figure. The reciprocal adsorption P4, with EP antiserum, was 
less spectacular because of the lack (except WV6) of heterologous reactors. The 
homologous titer, however, was reduced from 40,960 to 20,480. On such a basis it 


TABLE 3 

Adsorption experiments with ANTI-P4 serum 


OsG^ysriSM 

AGGLUTINATED 

Before 

ADSORP- 

TION 

Adsorbed with 

11 

4 

CA2 

CAi 

EP 

P 4 

P4 

20480 

5120 

2560 

1280 

1280 

1280 

— * 

CAi 

5120 

$120 

5120 

— 

— 

— 

— 

CA2 

2560 

1280 

1280 

— 

— 

— 

— 

II 

160 

— 


160 

80 


— 

4 

160 

^ — 

— 

80 

80 


— 


* Less than 1 : 40. 


would be easy to conclude that EP does have factors in common with P4, which 
do not manifest themselves by direct agglutination. EP likewise reduced to a con- 
siderable extent the homologous and heterologous titers in CAi and CA2 sera. 

Nature of cross-reaction 

Virtually all the cross-agglutination that occurred with the soft-rot organisms 
took place in a floccular manner. This type of reaction has been shown to be due, 
in other groups of bacteria, to flagellar components and their corresponding ag- 
glutinins. That this is also true in the soft-rot group can be shown by the follow- 
ing experiment. 

It was pointed out by White (22^ that the flagellar components of Salmonella 
organisms were destroyed, with no impairment to the somatic fractions, by grow- 
ing the organisms on phenol agar (i : 1000) and then heating the growth in a water- 
bath at 100° C. for 30 minutes. Such suspensions are homogeneous and aggluti- 
nate only in a coarse, granular fashion, indicative of reaction between somatic 
components and corresponding agglutinins. The commonly used alcohol precipi- 
tation method did not give satisfactory results with the Erwinia, 
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Inasmuch as the antisera contained both flagellar and somatic agglutinins, in 
order to obtain a serum which affected only the flagellar components, all that was 
necessary was to absorb any one serum with the homologous phenol-heated an- 
tigen. After several such adsorptions, all the somatic antibodies were removed. 
There was, however, no loss of titer of the cross-reactions, when such an adsorbed 
serum was used in agglutination tests. This indicated conclusively that the cross- 
reactions in the group are due to common flagellar components (table 4). 

TABLE 4 

Results of flagellar cross-agglutination experiments 


Immune sera prepared against and adsorbed with 

HOMOLOGOUS PHENOL-HEATED ORGANISMS 


AGGLUTINATED 

4 

EA 

EMN 

II 

NZ 

ES 

496 

P4 

EP 

CAi 

CA2 

WV4 

I 

WV6 

4 

5120 

80 

320 

10240 

__ 

— 

__ 

160 


— 

— 

— 

— 

EC 


. — 

— 

— 

— 

— 


— 

__ 

— 

-- 

— 

__ 

EA 

— 

— 

— 

_ 

80 

__ 


__ 

— 

__ 

— ■ 

— 


5 

640 


160 

640 

— 

— 

_ 

— 


— 

. _ 

__ 

— 

EMN ■ 

80 

— 

2560 

160 


— 

320 

__ ; 

— 

__ 


__ 

__ 

II 

320 

160 

320 

0 

00 

0 

— 


_ 

160 

_ 

_ 


— 

— 

WV3 

— 



— 


— 

— 

— 

— 

— 

— 

— 

— 


494 

— 

— 

— 


— 

— 

— 

— 

— 

— 

__ 

— 

— 

NZ 

— 

5120 

— 

— 

10240 

5120 

— 

— 

— 

— 


— 

— 

495 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

ES 



640 

— 

— 

5120 

10240 

— 

— 

— 

— 

— 


— 

496.. 

— 

— 

— 

— 

— 

— 

5120 

— 

•— 

— 

— 

5120 


P4 

640 


— , 

320 

— 

640 

— 

5120 

160 

2560 

80 

— 


EP 


— 

— 

— 

— 

320 

— 

■— 

20480 

— 

— 

5120 

0 

00 

’ 4 - 

0 

CAi 

— 

— 


— 

— • 

160 


2560 

— 

1280 

1280 

— 

— 

CA2 



— 

— 

— 

— 

— 

1280 

.... 

5120 

1280 

— 

— 

WV4 

— 

— 

— 


— 

— 

2560 

— 

5120 

— 


10240 


WV6 









5120 




81920 


* — , less than i :4o. 


Experimentation with sera prepared against phenol-heated antigens revealed the 
opposite of the results found with the flagellar components. With either living or 
phenol-heated antigens, there was little evidence of cross-agglutination (table 5). 
Only in cases where cross-adsorption tests revealed that the organisms were identi- 
cal, or nearly so, were there cross-reactions. The agglutination tests for somatic 
components were incubated 18 hours at the normal temperature. The titers pre- 
pared against phenol-heated antigens were also exceedingly low. Such results are 
in accord with those of White with iSa/wwe/to somatic sera. 

Adsorption experiments were also conducted with respect to the somatic com- 
ponents. The bulk of the adsorptions were carried out with fresh packed cells, al- 
though some were done with phenol-heated organisms. Inasmuch as the flagellar 
components were of no consequence, the use of untreated packed cells was more 
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convenient. The data from such experiments are meager because of but a mini- 
mum of somatic cross-agglutination. In the case of NZ and EA, however, it was 
demonstrated that the components in each were the same. This was also deducible 
from straight adsorption experiments. In the CAi, CA2, and P4 series it was 
shown that CA2 had a common somatic component with CAi, but that the latter 
possessed one in excess. This was the only determinable serological difference be- 
tween CAi and CA2, inasmuch as their flagellar components were the same. 

TABLE 5 

Results of somatic cross-agglutination experiments 


Immune sera prepared against phenol-heated organisms 


AGGLUTINATED 

4 

EA 

EMN 

NZ 

ES 

P4 

EP 

CAi 

CA 2 

A 

5120 
_ * 

_ 

80 

_ 

_ 



_ 

— 

EC 














— 

EA. 



80 



320 

32 ot 









2 

640 

32o(?) 

1280 











emn 



640 

40 













II 















wv^ 















494 



















NZ 



80 



320 

i6ot 









495 














ES 







8ot 

640 









496 















P 4 











320 



80 



EP 









_ 

5120 




CAi 













320 

160 

160 

CA2 















320 

WV4 
















WV6 







__ 



_ 


















* — , less than i : 40. 


t Floccular; all others granular. 


It is obvious that there were too few opportunities for experimentation with 
somatic components. The 4, ii, 5, and EMN group likewise showed variance in 
somatic factors. That such factors were not absolutely specific for each or- 
ganism is to be expected. It is hardly conceivable that each type would possess an 
individual somatic component. It is fairly certain, however, that the somatic com- 
ponents are far more type specific than are those of the flagella. 

Carbohydrate materials were extracted from all the organisms of the soft-rot 
group. In every case the material gave a strong Molisch test for the furan ring 
(indicative of some type of polysaccharide) and yielded a negative or weakly posi- 
tive Biuret reaction. Those weakly positive could be made negative through fur- 
ther purification by a second acetone precipitation. The carbohydrate material 
was also found able to resist tryptic digestion with no impairment of its precipita- 
tive ability. 
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The material was highly reactive in precipitation experiments, giving strong 
ring tests even when dilutfed (in some cases) to i : 100,000. The titers differed in 
some respects according to the individual sera. Even with low titering agglutinat- 
ing sera, a strong precipitin test was often observed. With one serum (EAO) pre- 
pared after the usual course of injections, which exhibited an agglutination titer of 
1 :8o, a good precipitin result was obtained. 

The result of the precipitin tests (table 6) paralleled in every respect the somat- 
ic agglutination. It therefore became desirable to ascertain whether it was the 


TABLE 6* 

Precipitation cross-reactions with extracted carbohydrate materials 



* -f, Strong reaction; ± , weak reaction; — , no reaction. 


same reactive material in each case. Experiments showed this to be so. For ex- 
ample, extraction of material from phenol-heated cells which had been carefully 
washed gave results identical with those of whole cell extractions. Likewise, car- 
bohydrate antigens precipitated strongly with sera prepared against phenol-heated 
antigens. 

Adsorption experiments also showed the carbohydrate material to be bound up 
in the somatic portion of the cell. The employment of sera which had been pre- 
pared for testing flagellar agglutinations resulted in negative precipitin tests. This 
in spite of the fact that there still remained strong flagellar agglutinating factors. 

Discussion 

Although it has been apparent for a number of years that the soft-rot group of 
organisms is exceedingly heterogenetic from a serological standpoint (3, 10, 14, 
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155 i6j 19, 2i)j it should not be considered improbable that definite serological 
groups might be encountered. It is apparent from this report that such a division 
as maltose fermentation might well divide the soft-rot group into two quite com- 
pact serological groups. It is realized, however, that the number of cultures used 
in these experiments was small. Nevertheless, the fact remains that there is a high 
percentage of cross-agglutination within the groups. This percentage is far higher 
than might possibly occur by chance, as can be proved by applying statistical 
methods. It is the contention of the writer that the comparatively high percentage 
of cross-reaction found within the maltose + and maltose— groups, together with 
the resulting high titers, is indicative of considerable serological homogeneity. 
Experimentation carried on at the present time has revealed many common anti- 
genic components. This is especially true within the two fermentative groups, al- 
though there is evidence of common antigenic factors among maltose + and mal- 
tose— groups. 

It is possible also that the high degree of serological heterogeneity is due to the 
presence of numerous inagglutinable strains. If these organisms were used for ad- 
sorption, however, their relationship would become evident and a far higher de- 
gree of serological homogeneity would result. Hence it is apparent that EP be- 
longs in the CAi, CA2, P4 group, although it fails to agglutinate in any of the cor- 
responding sera. A similar situation has been recorded in the Salmonella by 
White (23). 

The present experiments have shown that the flagellar components of the soft- 
rot organisms are group specific in nature, whereas the somatic elements are ap- 
parently type specific. It has been pointed out by others that the flagellar com- 
ponents of the genus Salmonella are type specific in nature and the somatic frac- 
tions group specific. In the genus Proteus, however, this situation is reversed: the 
common antigenic fractions are flagellar and the somatic elements are type spe- 
cific. It is evident then that my group is analogous to the Proteus in its antigenic 
makeup. This is further emphasized on comparing the action of extracted carbo- 
hydrate materials. Furth and Landsteiner (7) have demonstrated that, in the 
Salmonella, carbohydrate materials are derived from the somatic portion of the 
cell and immunologically act in the group-specific manner as do the somatic anti- 
gens. Elrod (6) has found this to be true of E, amylovora. 

Przesmycki (18) has shown the situation to be different in the genus Proteus. 
Here extracted carbohydrate materials are specific, even as the somatic elements. 
It may be that the serological heterogeneity found in the Erwinia and the Proteus 
groups is in some way linked with the flagellar components being group specific. 

Summary and conclusions 

I. Eighteen cultures of Erwinia carotovora {mit-iot group) were tested for fer- 
mentative ability in twenty-six substances. Division on the basis of maltose fer- 
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mentation found ten fermenting the sugar with the formation of either acid or acid 
and gas, while eight failed to ferment the carbohydrate. The maltose— organisms 
were agglutinated in 33.3 per cent of the cases with maltose— antisera. There was 
28.6 per cent of cross-reaction with the maltose+ cultures and maltose+ antisera. 
Between the two fermentative groups there was but 7.5 per cent of cross-reaction. 
The total number of cross-agglutination experiments produced with thirteen anti- 
sera was 18. 1 per cent, the majority of which occurred within the two fermentative 
groups. 

2. A division on the basis of sorbitol fermentation may be significant and is con- 
sidered worthy of further investigation. 

3. The correlation between maltose fermentation and serological groups seems 
to bear out the contention of others that there are two soft-rot pathogens. These 
two groups, however, show within them considerable variation in fermentative 
powers and antigenic structure. 

4. The common antigenic components of the group are bound up in the flagella. 
Adsorption experiments showed a large number of flagellar components. 

5. The somatic fractions were shown to be type specific. There was, however, 
some evidence of common somatic factors. 

6. Carbohydrate materials extracted from the organisms proved to be specific, 
and paralleled the somatic results. In all probability the somatic fractions owe 
their specificity to these carbohydrate materials. 

Department of Bacteriology 
Ohio State University 
Columbus, Ohio 
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EFFECT OF BORON ON GROWTH AND DEVELOPMENT 
OF THE RADISH 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 531 

JOHN SKOK 
(with five figures) 

Introduction 

Agulhon (i) found that different species of plants reacted differently toward 
boron, and that for each there was an optimum concentration which favored 
growth and yield of the plant, although he did not describe the deficiency symp- 
toms in detail. Later Haselhotf (14) reported that boron increased growth in 
beans; Brenchley (3) found peas to grow better with boric acid; and Maze (20) 
found boron was required by maize and added it to his list of essential elements. 
Warington (29) and Sommer and Lipman (28) showed definitely that boron was 
essential for the normal growth of the broad bean and a number of other plants. 
Several excellent summaries are available (4, 12, 15, 22, 33) of more recent work 
on this subject. 

The exact role of boron is still not known. It has been possible merely to specu- 
late as to its function by noting the development of plants when it is absent. 
Much has been learned from work done during the past 20 years concerning gross 
deficiency symptoms and histological and metabolic effects. Purvis (24) has re- 
viewed the effects of boron and the factors affecting its deficiency in the soil. In 
general, boron-deficient plants show disintegration of the meristematic and con- 
ducting tissues and the eventual death of first the growing tip and finally the en- 
tire plant, retarded root development, and brittleness of the leaf blades and 
petioles. jEaton (8) found that the effects of boron deficiency are first noticeable 
in the youngest and of boron excess in the oldest portions of the plant. Some in- 
vestigators (7, 21) think boron functions as a hormone or enzyme or is essential 
to the formation of substances which are activators or regulators of metabolic 
processes, while others (6, 185 29) question the hormonal or enzymatic role. There 
are some indications that boron may have an effect on calcium absorption (6, 32) 
and utilization (19, 27); and microchemical studies by Shive (26) suggest that it 
is intimately involved in protein metabolism. Both ammonium nitrogen and sugar 
accumulate in minus boron plants. This strongly suggests that boron deficiency 
interferes with the aminization of the carbohydrate derivatives and in this way 
interferes with metabolic activity in meristematic regions. 

In the present experiments a study was made of the effect of boron on the 
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growth and development of the radish. Agulhon (i) included the radish in his 
studies and found a definite increase in growth with boron, but he did not describe 
the deficiency symptoms. Skive (26) found definite deficiency symptoms in the 
Long Icicle variety 6 days after germination. The first foliage leaves became dis- 
colored and distorted, and finally the growing tips died. He did not describe 
symptoms of the hypocotyl or root. Purvis and Hanna (25) found that among a 
number of other plants the radish showed boron deficiency symptoms in various 
fields in Virginia. They state that the symptoms consisted of root malformations 
and an internal darkening very similar to that found in turnips. 

Material and methods 

Seeds of Raphanus sativus L., variety Scarlet Globe, were planted in fiats of 
clean quartz sand, and after 10-12 days plants of uniform size were transplanted 
to glazed earthenware pots filled with the same material. All plants received a 
minus boron nutrient until after transplanting and then received applications of 
the appropriate nutrient solutions every second day. The solutions were made 
up with distilled water and Merck’s reagent quality chemicals of the following 
concentrations : 0.006M Ca(No3)2 ; o.oo^^M KH2PO4 ; o.oo45ikf MgS04 ; 0.5 p.p.m. 
Fe added as ferric citrate; 0.5 p.p.m. Mn added as MnCb; 0.5 p.p.m. Zn added 
as ZnCb; and 0.125 p.p.m. Cu added as CuCL. The plus boron solution received 
in addition 0.5 p.p.m. B added as H3BO3. The plants were harvested 39-42 days 
after the seeds were planted. Fresh and dry weights of the top and root portions 
and volumes of the root portions were taken. The volumes were determined by 
the water displacement method. The term root as used here includes the enlarged 
underground portion which consists of the hypocotyl as well as the root. Per- 
centage dry weights and top-root ratios were also determined. 

Experimentation 

These experiments were of three types: (A) a study of the gross boron defi- 
ciency symptoms of the radish, (B) a study of the effect of photoperiod on the 
manifestation of the deficiency symptoms, and (C) a histological study. 

A. Gross BORON-DEEICIENCY SYMPTOMS 

Three series of plants were grown under different treatments. The plants of 
series i received boron throughout the period of the experiment. The seeds were 
planted April 6, 1939, and the plants were harvested 41 days later. The plants of 
series 2 received boron for 18 days after planting, at which time the plants were 
3-4 cm. tall and had four leaves. From then on they received a minus boron 
nutrient. They were planted and harvested at the same time as the plants in 
series i. The plants of series 3 were grown without boron throughout the experi- 
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ment They were planted May 12, 1939, and harvested 39 days later (table i 
fig. 1). 

The plus boron plants of series i had large green leaves 15-20 cm. long and 
5-6 cm. broad. The thickened portions were large, bright red, solid, and ranged 
from 2 to 4 cm. in diameter. 





A, senes i, plus boron plants; B, series 2, plus boron for first 18 days only; C, series 3, minr,» 


Ihe top portions of the plants in series 2, which received boron for the first 
18 days, were weU developed and similar to those in the first series, although the 
leaves were slightly lighter and some were distinctly mottled. The plants were 
also slightly smaller and the petioles were rather brittle as compared with those 
of the plus boron plants. The percentage dry weight was nearly the same. The 
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enlarged portions of this series were all light in color, and all of them were much 
cracked. The splitting was usually longitudinal but in some cases was also trans- 
verse. The cracks in some cases were shallow and in others were very deep; a few 
radishes were split almost in half. The size of the thickened portion was slightly 
smaller than that of the plus boron series, as is shown in table i. 


Fig. 2. — Section through hypocotyl region: A, plus boron; B, C, minus boron. B and C show un- 
affected vascular’ tissue at central portion of axis and absence of lignified vessels as well as of disintegrated 
phloem in area between central vascular tissue and cambium region. Split section (^B) shows indistinctly 
developed vascular bundles, and unsplit section (C) shows dome arrangement of bundles at cambium 
region. 
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The plants of series 3, which were continuously on a minus boron nutrient, were 
much smaller than either of the other groups. The leaves were 8-15 cm. long, very 
pale, some extremely chlorotic, the petioles brittle and easily broken when 
handled. The chlorosis was confined to the areas between the veins, the veins 
themselves being usually green. Some of the older leaves were curled downward, 
but generally they were not markedly deformed. The young leaves in the center 
were very small, curled, thick, and usually brittle. The total growth of the tops 
as measured by dry weight was not much less than that in the plus boron series, 
but the total root growth was only about half as great. The percentage dry weight 
was also greater in this group than in either of the other two. The hypocotyl and 


TABLE 1 

Data of experiments of part A. Volumes and weights represent 

AVERAGES PER PLANT ON 40-PLANT BASIS 



Volume 

OF ROOT 

Wet weight 

Dry weight 

Percentage dry weight 

Wet 

TOP- 

ROOT 

ratio 

Dry 

TOP- 

ROOT 

ratio 

Condition 

(root 

AND 

HYPO- 

cotyl) 

(cc.) 

Top 

(gm.) 

Root 

(GM.) 

Top 

(gm.) 

Root 

(gm.) 

Entire 

PL.ANT 

j 

Tops 

Roots 

Series i 

(plus boron) . . . 

10.19 

6.27 

10.19 

0.64 

0.63 

7-75 

10.22 

6.22 

0.62 

I .01 

Series 2 

(plus boron for 
first 18 days) 

8.92 

5-36 

8.71 

0.61 

0-54 

8.17 

11.38 

6.20 

0.61 

I.I3 

Series 3 
(minus boron) . 

4.19 

5-32 

4.09 

0-57 

0.30 

9 - 25 * 

10.71 

7-33 

1-30 

1.90 


root portions of the plants in this series were much elongated, narrow, and all 
were nearly white in color, and split. The splitting here also was usually parallel 
with the axis but in some cases at right angles to it. The volumes of the thickened 
portions of the plants in this series were less than half of those of the plus boron 
series and of an entirely different shape. The volumes of the thickened portions 
in series 2 were only slightly smaller that those of the plus boron series, and aside 
from the splitting, were of about the same shape. 

A common boron-deficiency symptom is death of the growing tip and cessation 
of further top growth. The plants in these experiments showed only moderate 
S3miptoms in the tops but marked symptoms in the underground portions. Shive 
(26) reported that lack of boron resulted in complete destruction of the growing 
tip in radishes grown in sand which was treated with acid. The sand used in these 
experiments was not so treated and may have contained minute traces of boron. 
The boron-deficient radishes reported by Purvis and Hanna (25) showed symp- 



Fig. 3 —Section through hypocotyl in area between central portion of axis and cambium region: 
A, plus boron, showing vascular bundles and large xylem parenchyma cells; B, C, minus boron, showing 
absence of lignified vessels, disintegrated phloem cells, and smaller size of xylem parenchyma cells. 








Fig. 4. — Cambium region: A, plus boron; B, unsplit portion of axis of minus boron plant showing 
dome arrangement of bundles and proliferation of xylem parenchyma and ray cells. 
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toms somewhat similar to those found in these experiments (root malformation), 
but they did not show any splitting. Their plants were grown in a boron-deficient 
soil, and possibly the deficiency was not so nearly complete. The plants of series 
2, which received boron for the first 18 days, showed definite symptoms although 
less severe. 



Fig. 5. — Cambium region of split portion of axis of minus boron plant showing indistinct vascular 
bundles, slightly lignified vessels, disintegrated phloem and cambium cells, and some proliferation of 
xylem parenchyma and ray cells. 


B. Effect of photoperiod on boron- 
deficiency symptoms 

Two experiments were conducted. In experiment i the seeds were planted 
May 17, 1940, and the plants harvested 42 days later. They were grown under 
plus and minus boron conditions; the minus boron plants received no boron 
throughout the experiment. One hundred and thirty plants were grown under 
each condition. Both boron series were grown under a short photoperiod of 7 
hours (9:00 A.M. to 4:00P.M.). Experiment 2 in this study was conducted as a 
check on the results of experiment i and on the boron-deficiency symptoms ob- 
tained in the former group of experiments, which were conducted under long 
photoperiod. In experiment 2 the plants were grown under the following four 
conditions: plus boron, long photoperiod; plus boron, short photoperiod; minus 
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boron, long photoperiod; minus boron, short photoperiod. The short photoperiod 
was also 7 hours, and the long photoperiod was the natural day length of that 
time (about 15 hours). The plants of experiment 2 were planted July 16, 1940, 
and were harvested 41 days later. Seventy plants were grown under each condi- 
tion. 

Experiment i. — Under short photoperiod the boron-deficiency symptoms were 
not so pronounced as compared with the plus boron plants. The minus boron 
plants were slightly smaller and somewhat lighter in color. Their petioles were . 
rather brittle and easily broken. The root-hypocotyl portions were smaller, more 
elongated, and a little lighter in color. Splitting occurred in only a few instances 
and in no case was so great as in the plants of the former experiments. Out of the 
total number of minus boron plants in this experiment, approximately 73 per 
cent were not split, 15 per cent had very slight splitting, and 12 per cent had more 
pronounced splitting (table 2). 

TABLE 2 

Data of experiment i, part B. Volumes and weights represent 

AVERAGES PER PLANT ON 130-PLANT BASIS 


Grown under 

7 -HOUR 

PHOTOPERIOD 

Volume 

OP ROOT 

(root 

AND 

HYPO- 

cotyl) 

(cc.) 

1 Wet weight 

Dry weight 

Percentage dry weight 

Wet 

top- 

root 

RATIO 

Dry 

TOP- 

ROOT 

RATIO 

Top 

(gm.) 

Root 

(GM.) 

Top 

(GM.) 

Root 

(gm.) 

Entire 

PLANT 

Tops 

Roots 

Plus boron 

4.61 

3-31 

7.24 

6.20 

4-56 

3-28 

d d 

0.25 

0.18 

6.51 

6.90 

7 . 20 

7.57 

S -40 

5-63 

1.59 

1 .89 

2 .12 
2.54 

Minus boron . , . , 


Experiment 2. — The plus and minus boron plants grown under long photo- 
period responded similarly to those in series i and 3 in the study of gross boron- 
deficiency symptoms. Thirty days after the time of planting, the tops of the long 
photoperiod, minus boron plants were smaller and had narrower leaves than those 
receiving boron. The leaves had a bluish green color, very brittle petioles, and 
were rather stiff and curled. At this time there was scarcely any difference be- 
tween the appearance of the top portions of the plus and minus plants grown 
under short photoperiod. The petioles of the minus boron plants, however, were 
somewhat stiffer. At the time of harvesting, the long-photoperiod, plus boron 
plants bad well-developed large green leaves and underground portions 3.5"4 cm. 
in diameter and bright red in color. The leaves of the minus boron plants were 
smaller, bluish green in color, curled, and brittle. The young leaves were deformed 
and also brittle. The underground portions were light in color, long, and very 
slender, and all were cracked. They were 5-8 cm. long and 0.5-2 cm. in diameter. 
The leaves of the short-photoperiod, plus boron plants were lighter in color and 
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smaller than those of the long-photoperiod group. The underground portions were 
also considerably smaller, but well formed and bright red in color. The leaves of 
the short-photoperiod, minus boron plants were of about the same size and color 
as those of the plus boron plants, but they were also brittle. The underground 
portions varied greatly in size, but their average was not much below that of the 
plus boron group. They were lighter in color and somewhat deformed and had 
about the same percentage of cracking as similar plants of experiment i. The 
data of table 3 show that on weight and volume bases the plus and minus boron 
plants grown under short photoperiod made about the same amount of growth, 
but both groups made less growth than the minus boron plants grown under long 


TABLE 3 

Data of experiment 2, part B. Volumes and weights 

REPRESENT AVERAGES PER PLANT ON 70-PLANT BASIS 


Condition 

Volume 

OF ROOT 

(root 

AND 

Wet weight 

Dry weight 

Percentage dry weight 

Wet 

TOP- 

Dry 

TOP- 

.. . , 

HYPO- 

COTYL 

(cc.) 

Top 

(gm.) 

Root 

(gm.) 

Top 

(gm.) 

Root 

(gm.) 

Entire 

PLANT 

Tops 

Roots 

root 

RATIO 

ROOT 

ratio 

Plus boron, long 
photoperiod . . . 

12.37 

19.28 

11.68 

1. 14 

0.5s 

5.43 

5-90 

4.67 

1.65 

2 .09 

Minus boron, long 
photoperiod . . . 

4.67 

10.58 

4.61 

0.77 

0.29 

6.96 

7.27 

6.23 

2.30 

2,68 

Plus boron, short 
photoperiod . . . 

3 -SS 

9 - 7 S 

3-52 

0.62 

0.18 

6.00 

6.33 

3.07 

2.77 

3.46 

Minus boron, 
short photope- 
riod 

3 -06 

9-99 

3-07 

0.64 

0.17 

6.21 

6.36 

S.70 

3-26 

3-63 


photoperiod. The long-photoperiod, minus boron plants exhibited the most severe 
deficiency symptoms. In terms of appearance and general condition, it is evident 
that the plus boron plants make relatively much greater growth under long photo- 
period and the minus boron plants make more growth under short photoperiod. 
This is probably a matter of differential rate of growth, dependent on the photo- 
period, with subsequent differential nutrient requirement. The long-photoperiod 
plants grow more vigorously and synthesize more materials and require more nu- 
tritive substances in order to do so. If an essential element is lacking, therefore, 
the deficiency symptoms in such plants are more severe than in less vigorously 
growing plants such as those in the short-photoperiod group. This is in agreement 
with Eaton’s (8) finding that the more vigorously growing plants exhibit more 
pronounced deficiency symptoms, and with those of Warington (31) that the 
boron-deficiency symptoms of several plants were less pronounced under short 
than under long photoperiod. ^ ^ ^ ^ ^ . 
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Although the radish ordinarily flowers under long photoperiod (10, ii), only a 
few plants out of the entire numbers grown did so. At the same time other plants 
growing in the garden bloomed. This difference in the flowering response may be 
caused by difference in temperature or in light intensity. Plitt (23) found photo- 
thermal responses of the radish. 

C. Histological effects of boron deficiency 

The root-hypocotyl portions of plus and minus boron plants were used in the 
histological study. The material was preserved in alcohol-acetic acid-formalin 
solution, dehydrated in an alcohol-tertiary butyl-alcohol series, imbedded, and 
cut at 7 Samples were taken at 20 days after planting and every 4 days there- 
after, until time of harvesting. Any differences shown in the plus and minus boron 
material in the early samples were more pronounced in later stages, and for that 
reason photomicrographs were taken only of material collected at the time of 
harvesting. Slides were made of material from two different experiments (plants 
grown a year apart), and the histological effect of boron deficiency was found to be 
similar in each case. The materials for the histological study were taken from 
plants grown under natural long photoperiod (about 15 hours). 

A number of reports have shown that boron is important in the differentiation 
of the vascular system, and that in its absence there is general disintegration of 
the cambium and phloem. Agulhon (i) noted that boron is especially abundant 
in lignified tissue and bark, which indicated that it may have some function in 
the formation of vascular tissue or the compounds which impregnate these tissues. 
Warington (30) found that boron deficiency in Vida f aba caused abnormal struc- 
ture of both the stem and root, the chief features being: {a) hypertrophy of the 
cells of the cambium followed by degeneration with discoloration, or direct dis- 
integration of the same tissue without previous enlargement; (6) frequent dis- 
integration of phloem and ground parenchyma; and (r) slight development of 
xylem and in some cases ultimate disintegration of this tissue. Brenchley and 
Thornton (5) found that the vascular bundles related to the nodules on the roots 
of Vida f aha either failed to develop entirely or only to a small extent when boron 
was lacking. Anatomical studies on the tomato by Johnston and Dore (16, 17) 
and by Fisher (9) showed disintegration of the phloem of the petioles and stems 
of boron-deficient plants. The total sugars and starch were more abundant in the 
leaves of the minus boron than in the plus boron plants. This was thought to be 
caused by injury to the conductive tissues, which reduced their capacity to trans- 
locate sugars. Haas and Klotz (13) found boron to be essential for cell division 
in meristematic tissue of growing points such as buds, and equally essential for 
cambial activity. They found that the cambium and phloem disintegrated in 
minus boron citrus plants. The xylem was affected to a less extent. They also 
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found that sugar accumulated in the leaves of the affected plants because of the 
disintegrated conducting system, and that upon the addition of boron to these 
cultures there was rapid growth of new conductive tissue followed by decrease in 
the sugar content of the leaves. 

Chandler (2) studied boron deficiency in eleven species of Brassica. In boron- 
deficient broccoli and Brussels sprouts he found that cell division stopped in the 
root tips and the root cap disintegrated. In rutabaga he observed crushing of 
meristematic cells of the stem tip, and in the root he found crushing of cortical 
cells, accumulation of cell inclusions in xylem parenchyma cells, elongation of cer- 
tain cells near the cambium, and failure of the cork cambium to form cork. He 
also found crushing of cells in the cortex of the stem of cabbage, and when leaf 
blades of these boron-deficient plants were cut a cork cambium did not develop, 
but with similar treatment to plants supplied with boron, a cork cambium de- 
veloped and healing occurred. 

The effects of boron deficiency on the structure of the radish are somewhat 
similar to those in the preceding plants in that the vascular tissues are affected 
rather markedly. Sections through the hypocotyl of plus and minus boron plants 
show the general structure and the tissues affected by the deficiency (fig. 2) . The 
vascular tissue near the center of the axis, including the primary tissue, was not 
affected. This is the first differentiated vascular tissue, and small amounts of 
boron may have been present from the seed or as impurities in the chemicals and 
sand, at the time of its maturation. After this amount of boron is exhausted the 
vascular tissue developing later would be lacking an element necessary for its 
development. Injurious effects on this later-forming vascular tissue again indicate 
that boron cannot be reutilized but that a continuous supply is necessary. 

The vascular tissues occupying the area between the central, first formed, un- 
injured vascular tissue and the outer cambium region were markedly affected 
(fig. 3). Normally developed and lignified vessels in this area were entirely ab- 
sent. The phloem cells disintegrated and left dead, dark-staining areas. The 
xylem parenchyma cells appeared to be uninjured and in some cases even rather 
active. The size of the xylem parenchyma cells of the boron-deficient radishes 
was generally smaller than those of the plus boron plants. Actual disintegration 
of these cells, as in the case of the ground parenchyma of Viciafaba reported by 
Warington (30), was not observed. 

The cambium region is of particular interest in that it shows a dual response 
(fig. 2) . Axes which were cracked had very slightly developed vascular bundles 
in the cambium region near the cracks (fig. 5). Some disintegration of phloem 
also took place but not to the same extent as in the deeper areas. Well-developed 
vessels were almost entirely lacking, but some small, thin- walled vessels were 
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present. The cambium cells were almost entirely disintegrated. The xylem paren- 
chyma, and particularly the ray cells, were rather active and showed proliferation. 

The cambium region of axes which were not deeply cracked had an entirely 
different structure (fig. 4). The vascular bundles were fairly well developed and 
were arranged in pronounced domes and circular areas. A few vessels were present 
in these bundles, but they were rather thin walled, smaller, and much less lignified 
as compared with those of the plus boron sections. There was no pronounced 
phloem or cambium disintegration in these bundles, but the tissues were rather 
poorly developed and indistinct. Again the xylem parenchyma and particularly 
the ray cells were highly active. In some cases the proliferated ray cells formed 
complete rings around the bundles. Both these responses of the cambium region 
may be seen in the same axis, in which case the former is present at or near a 
crack and the latter where no splitting has taken place (fig. 2C). 

These histological observations suggest that the splitting of the radish is a re- 
sult of the failure of normal vascular tissue development, coupled with differential 
growth pressure. The lack of lignified xylem development and the areas of dead 
phloem create weak regions where the splitting may occur. The cessation of cam- 
bial growth, together with active xylem parenchyma and ray cells inside the 
cambium, result in internal pressure because of this unequal growth. 

Summary 

1. Radish plants deficient in boron produced small leaves with light bluish 
green color, which were (especially the petioles) brittle and curled down. The 
thickened underground portions were light in color, narrow and elongated, and 
severely cracked. 

2. When boron was added up to 18 days after planting and then withheld, the 
top portion made greater growth but the brittleness of the leaves and the light 
color of the foliage were still apparent. The enlarged underground portion at- 
tained greater size and more normal shape but was also cracked. 

3. Under short photoperiod the boron-deficiency symptoms were much less 
pronounced. Splitting of the underground portion was present in only about 27 
per cent of the minus boron plants. 

4. The vascular tissue near the center of the axis was not affected by boron de- 
ficiency. 

5. Normally developed and lignified vessels in the area between the central, 
unaffected vascular tissue and the outer cambium region were entirely absent, 
and the phloem cells in this region had disintegrated. 

6. The cambium region, if located at or near a crack, had slightly developed 
vascular bundles. The cambium and phloem cells were mostly disintegrated, and 
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well-developed vessels were lacking. The xylem parenchyma and ray cells were 
rather active. 

7. The cambium region, if not located near a crack, had well-developed vascu- 
lar bundles arranged in pronounced domes and circular areas. The vessels were 
unlignified, but there was no pronounced phloem or cambium disintegration. The 
xylem parenchyma and ray cells were here also highly active. 

8. The splitting is caused by the failure of normal vascular tissue development, 
coupled with differential growth pressure. 

The writer wishes to express his sincere thanks to members of the department 
of botany at the University of Chicago for their kind help and valuable suggestions 
made during the course of this work. 

Department of Botany 
University of Chicago 
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WOOD STRUCTURE OF THUJA OCCIDENTALIS 


M. W. BANNAN 
(with porty-three figures) 

Introduction 

Because of difficulties in obtaining sufficient amounts and variety of material^ 
anatomical studies of coniferous woods have in many instances failed to provide 
adequate information for the positive identification of similar woods. Before cri- 
teria can be regarded as reliable, their constancy or range of variability within 
the species must be determined, an undertaking which — as Bailey and Faull (i) 
have pointed out — requires the examination of much material. In the present 
paper the results of an extensive study of the secondary xylem of the native white 
cedar, Thuja occidentalis L., are described. 

All material was collected in southern Ontario within a 75-~mile radius of To- 
ronto. Some 230 wood samples were obtained from different parts of the tree, 
from trees of different sizes, and — in the case of roots — from different habitats 
and depths in the soil. The location in the tree, its size, and the type of habitat 
are indicated in figures 1-5. In these figures the term ''stems young trees i mm.'’ 
describes the inner wood i mm. from the pith in the stems of small trees approxi- 
mately 0.5 m. tall. Data for the inner wood of branches, i mm. from the pith, 
were obtained from both the distal parts of old branches near the ground and from 
smaller branches at the tops of mature trees. Data for the outer wood of branches, 
1-2 cm. from the pith on the upper side and 1--3 cm. from the pith on the lower 
side, were secured from the proximal portions of large branches of old trees. In 
the case of the "stem tips" the inner wood i mm. from the pith at the tops of 
the trees was studied, both of "medium" trees 3 m. tall and of "old" trees 10 m. 
or more tall. "Stems old trees 1-3 dm." describes the outer wood i-'3 dm. from the 
pith at the base of old stems. 

In the case of roots the habit varied with the environment. The root systems 
in wet soils were flat and platelike, with all roots confined to the top layers of 
soil, whereas in well-drained sandy or gravelly soils there were in addition roots 
which extended deep into the ground. The latter are described as verticak roots 
to distinguish them from the widely spreading lateral roots located close to the 
surface. None of the roots included in the designation lateral were deeper than 
6 inches, and the majority were only 2-3 inches deep. The lateral roots were col- 
lected from both wet and dry soils, "sand hill" indicating well-drained sandy soil 
on hilltops, and "cedar swamp," low-lying wet soils. Both the inner wood i mm. 
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from the primary xylem and the outerVood 1-5 cm. from the center were stud- 
ied. All vertical roots were growing in sand or gravel, and the depths are shown 


STEMS BRAJjCHES S TEM.TIP S STEMS ROOTS lATERft ] ^ ROOTS VERTICAL ROOT S ROOTS 

YOUNG UPPER LOWER MED- OLD OUO YOUNG SAND CEDAR SAND CEDAR 3 DM. S-IODM. 6-iOOM. EXPOSED 

TREES SIDE SIDE TREES TREES TREES TREES HILL SWAMP HILL SWAMP DEEP DEEP DEEP 

I MM. IMM. 1-3. CM. 1-3 CM- I MM. IMM. 1-3 DM- 1 MM. 1 MM. IMM. i-5CM. l-SCM- IMM. IMM. ICM. 1-3 CM. 




Figs. Variation in different parts of tree: Fig. i, radial diameter of tracheids in early wood of 
growth rings. Fig. 2, tangential diameter of tracheids. Fig. 3, number of pits per crossing field between 
tracheids and ray parenchyma cells. Fig. 4, size of pits in crossing field. Fig. 5, height of ray parenchyma 
cells. ' 

by ^^3 dm. deep” and ^^6“io dm. deep.” Here again both inner and outer wood 
were examined. ^^Roots exposed” were lateral roots bared by soil erosion, and in 
these the data refer to the outer growth rings, 1-3 cm. from the center, laid down 


BANNAN--THUJA 


297 


i94i] 

after exposure. The various types of roots were examined at distances of 1-3 m, 
from the bole. All lateral, vertical, and exposed roots were growing from mature 
trees. A few roots of small trees 0.5 m. tall were studied and these are described 
in the figures as ^Toots young trees.’’ 

Usually more than ten specimens of each type of stem, branch, and root were 
examined for the compilation of the data in figures 1-5 and figures 22-25. In these 
figures the maximum average (in the specimen with the largest elements) is shown 
by the upper broken line, the grand average for all specimens by the middle solid 
line, and the minimum average (in the specimen with the smallest elements) by 
the lower broken line. 

Observations 
Tracheid size 

Data on the radial and tangential diameters of tracheids in different parts of 
the tree are presented in figures i and 2. These values were determined from 
the early- wood tracheids in the growth rings and show the external dimensions of 
the cells from one middle lamella to the next. The measurements were made 
from transverse sections and included both wide and narrow cells. Had the deter- 
minations of the tangential diameters been made from only the central widest 
part of each tracheid, as observed in tangential sections, the values would have 
been 20-25 per cent higher than those in figure 2. 

The smallest early- wood tracheids were observed in the inner wood of the stems 
of small trees, of branches both at the top and near the base of old trees, and of 
stem tips of both medium-sized and old trees. In the inner wood of these different 
parts of the tree the tracheids were uniformly small (figs, i, 2). Outward from 
the center in both stems and branches the tracheids tended to increase in diameter. 
In roots the tracheids in the early wood of the inner growth rings were usually 
much larger than in stems and branches. As shown in figures i and 2, they were 
merely slightly larger in lateral than in vertical roots, and in the former only 
minor differences were noted between roots in dry and wet soils. This inner wood 
showed much greater variation among different roots of the same type or roots 
growing in the same habitat than among different kinds of roots. Outward from 
the center, however, distinctly different tendencies were noted. In the case of 
lateral roots growing in sand, the size of the tracheids increased slightly from the 
inner to the outer wood, whereas in roots growing in swampy soils the size de- 
creased toward the outside. An even more noticeable decrease was observed in 
exposed roots, where the outer growth rings— laid down presumably after re- 
moval of the soil— were stemlike (fig. 7) and the tracheids were much smaller than 
in the inner wood (fig. 6). The amount of soil moisture did not appear to have 
had much effect on the texture of the inner wood of lateral roots, but, as already 



Figs. 6 - 21 . — Fig. 6, open type of wood in lateral root. Fig. 7, conspicuous late wood in outer rings of 
exposed root. Fig. 8, stemlike wood in vertical root 6 dm. deep in soil. Figs. 9-16, various arrangements 
of pits on radial walls of tracheids in inner wood of lateral roots. Fig. 17, structure of torus. Fig. 18, 
radial view of newly formed rays in root wood. Fig. 19, tangential view of unusual tracheary ray in stem 
wood. Fig. 20, diffuse distribution of xylem parenchyma cells in stem wood. Fig. 21, tangential arrange- 
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pointed out, differences were noted in the outer wood. The influence of site on 
tracheid caliber in stem wood has been dealt with by Harlow (6) . 

In both stems and roots the tracheids in the late wood of the annual rings were 
much smaller than the early-wood tracheids. The transition ranged from abrupt 
(figs. 6, 7) to gradual (fig. 8), and the amount of late wood from the minimum of 
one row (fig. 6) to a considerable portion of the annual ring (fig. 8). In general the 
smallest amount of late wood occurred in the inner wood of lateral roots and the 
outermost wood of some old branches, whereas in the outer wood of roots growing 
in swamps, in the peripheral rings of exposed roots, in the outer wood of some 
vertical roots, and in the inner wood of most branches and stems, late wood was 
usually more prominent. There was much variation, however, among different 
specimens of the same type and often among different rings in the same specimen. 
For instance, the wood in vertical roots was highly variable, some specimens pos- 
sessing an open type near the center and stemlike wood in the outer rings (fig. 8), 
while in others the wood was more or less uniformly intermediate. 

The amount of the so-called compression wood, composed of rounded, thick- 
walled cells, likewise varied considerably. Sometimes the whole or greater part of 
growth rings in the inner wood of branches and stems was made up of such 
tracheids, while in other cases these were distributed in zones with sharp or grad- 
ual transitions to layers of thin-walled, rectangular tracheids between. 

Tracheid PITTING 

The intertracheary bordered pits on the radial walls varied considerably in size 
and arrangement in different parts of the wood. They were usually largest in the 
outer rings of old stems and the inner wood of lateral roots, where they averaged 
11-14 ju in diameter. In the annual rings the size tended to decrease from the 
early to the late wood. There was usually only one row of pits on the radial walls 
of the early-wood tracheids in the inner wood of stems and branches; usually one 
(but occasionally two) in the outer wood of old stems; and often two or sometimes 
three in the inner wood of lateral roots, where the tracheids were wider than else- 
where in the tree. When biseriate or triseriate, the pits were generally opposite 
(that is, in the same horizontal rows), but occasionally they alternated. Crassulae 
were exceedingly variable but on the whole were rather better developed in roots 
and the outer wood of old stems than in the inner wood of stems or branches. 
The greatest variation in the arrangement of pits and in the development of 
crassulae was found in the inner wood of lateral roots. Here the pits were usually 
biseriate and opposite, with conspicuous straight crassulae (fig. 12), or grouped 
with curved crassulae (fig. 15); but sometimes the crassulae were indistinct or 
absent (fig. 13), and in a few cases the pits alternated and crassulae were lacking 
(fig. 14) . When triseriate, the pits were generally opposite, with or without crassu- 
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lae (lig. ro), less often mixed, sometimes with straight crassulae (fig. ii), and oc- 
casionally alternate, generally without crassulae (fig. 9). Toward the overlapping 
ends of the tracheids the pits tended to be crowded, but elsewhere were often 
more widely spaced (fig. 16) . The pit apertures were usually broadly oval or round 
in the early wood and slitlike in the late wood. 

As shown in figures 9-16, tori were not discernible in most of the intertracheary 
pits. Only sporadically in different parts of the tree were tori recognized. They 
ranged in size from one-half the diameter to slightly larger than the pit aperture, 
and had irregular or lacerate margins (fig. 17), The absence or feeble development 
of the torus was a striking feature of the wood. 

Bordered pits in the tangential walls of the tracheids occurred characteristically 
in the late wood and only rarely in the early wood of the growth rings. In the 
latter case they were associated with injuries or abnormalities, For example, in 
two specimens of stem wood certain of the radial rows of tracheids in the early 
wood of one of the growth rings were composed of cells which were much narrower 
radially than the typical tracheids nearby. These particular cells resembled late 
wood tracheids in size and shape, and — ^like the latter — had pits on their tangen- 
tial walls. The pits were sporadic, however, and approached in size the pits on 
radial walls. Tangential pitting also occurred in early-wood tracheids in or near 
injuries. The usual tangential pits in the late wood varied greatly in size, but 
generally averaged 5-7 ix in stems and branches and 7-9 fx in roots. 

The number of pits per crossing field between tracheids and ray parenchyma 
cells ranged from none to more than fifteen, depending upon size and shape of the 
ray cell, size of the tracheid, location in the annual ring, and part of the tree. 
There were, for instance, more pits between tracheids and the vertically elongated 
or squarish-shaped cells in the first-formed parts of new rays (fig. 18) than be- 
tween tracheids and the lower, radially elongated cells in the succeeding parts of 
the rays. A comparison of figures i, 3, and 5 shows that the most numerous pits 
occurred in the inner wood of roots, where the tracheids were wider and the ray 
cells higher than in other parts of the tree, and fewest in the outer wood of old 
stems and branches, where the height of the ray cells was at a minimum. Outward 
from the center in stems, branches, and roots the number of pits tended to de- 
crease, as did also the average height of the ray cells. The range in different parts 
of the tree was considerable, from an average of 5.6 in the inner wood of lateral 
roots to only 2.6 in the outer wood of old stems. The values shown in figure 3 
were determined from rays two or more cells high consisting entirely of radially 
elongated cells and refer only to the early wood. In each growth ring the number 
decreased toward the late wood. 

The pit apertures in the crossing fields of the early-wood tracheids were ex- 
ceedingly variable, ranging from narrowly elliptic with broad borders to round 
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with reduced or absent borders. Generally the pits with the largest apertures and 
narrowest borders were found in the inner wood of stems and branches (fig. 26), 


STEMS _ BRANCHES STEM TIP S STEMS ROOTS LATER;^ ROOTS VERTICAL ROOTS ROOTS 

YOUNG UPPER LOWER MED. OLD OLD YOUNG SAND CEDAR SAND CEDAR 3 DM- 6-IODM. 6-IODM EXPOSED 

TREES SIDE SIDE TREES TREES TREES TREES HILL SWAMP HILL SWAMP DEEP DEEP DEEP 

3-5MH 3-5MM. I-2CM, 1-3CM. 3-5MM. 3-7MM. 1-3DM. 5-5MM. 3-5W 3-5HM- 1-5CM- i-5CM. 3-5MM. 3-5MM- ICM- 1-3CM. 
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Figs. 22-25. — Variation in different parts of tree: Fig. 22, ray height in cells. Fig. 23, percentage of 
ray rows containing ray tracheids as determined from radial sections. Fig. 24, number of rays per sq. mm. 
of tangential section. Fig. 25, width of ray cells in tangential section. 

the outer wood of some stems (fig. 27), and the outer wood of certain roots such 
as those exposed on the surface of the ground. Pits with narrower apertures were 
observed most often in the inner wood of roots (fig. 28), but in some cases directly 




Figs. 26-43. — Fig* 26, ray structure in inner stem wood. Fig. 27, same in outer wood of old stem. 
Fig. 28, ray structure in lateral root. Fig. 29, wall structure of cells in ray beginning at pith. Fig. 30, 
same of cells in unusual ray in old stem wood. Fig. 31, same of cells in ray arising at center in lateral root. 
Fig. 32, same of ceils in newly formed ray in old stem wood. Fig. 33, tangential view of ordinary ray in 
stem wood showing intercellular spaces {is). Fig. 34, tangential view of unusual ray in branch wood 
showing lack of intercellular spaces. Figs. 35-43, tangential views showing structure of transverse walls 
of xylem parenchyma ceils in outer wood of old stems. 



4. 
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opposite dispositions were found. The orientation of the apertures varied from 
horizontal to a definite inclination. In the late-wood tracheids of growth rings 
throughout the tree the apertures of the crossing-field pits were generally slitlike 
and steeply oriented. 

The size of the crossing-field pits varied considerably, even within the same 
field, but in the early wood averaged about 5-6 m in the inner wood of lateral 
roots, 5 M in the outer wood of old stems, and 4 /t in the inner wood of branches 
and stems (fig. 4). In general the size tended to increase outward from the center 
in stems and to decrease outward from the center in roots, and from the early to 
the late wood in growth rings throughout the tree. 

Xylem parenchyma 

Xylem parenchyma cells were variable in distribution. When abundant, as for 
instance in the vicinity of injuries, they were diffuse (fig. 20) or more or less ag- 
gregated in tangential arrangement (fig. 21). When scarce the cells were widely 
dispersed, sometimes only in late wood, less often in the early wood. Generally 
xylem parenchyma cells were more abundant in the inner wood, particularly of 
branches and roots, than in the outer rings. 

The transverse walls of the parench5rma cells were occasionally only slightly 
thickened (figs. 39, 40, 43), but more often were definitely and regularly thickened 
or beaded (figs. 37, 41) or irregularly thickened (figs. 35, 36). The walls, while 
usually at right angles to the long axis of the cell (figs. 36, 37, 39, 43), were some- 
times oblique (figs. 35, 38, 40), and rarely were almost vertical (fig. 42). Often the 
transverse walls were somewhat thinner in late than in the early wood of the 
growth rings, but otherwise no trends were apparent in the amount of wall thick- 
ening in different parts of the tree. 

Strand tracheids 

In the material studied these cells were found only in the vicinity of injuries. 
The elements were made up partly of parenchyma, partly of tracheary cells. 

Size and distribution of rays 

The majority of the rays were uniseriate, seldom more and usually much less 
than I per cent of the rays being partially biseriate or wider. Their height ranged 
from one to more than twenty cells. In stems and branches the height tended, 
on the average, to increase from the inner to the outer wood, attaining a maximum 
in the outer rings of old stems (fig. 22). There was considerable variation among 
different specimens, the average in the periphery of old trees ranging from 2.7 
cells in one specimen to 5.5 cells in another. In most roots the rays were rela- 
tively low, the average in different specimens fluctuating between 1.7 and 3.7 
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cells, with the grand average ranging between 2.2 and 2.8 cells (fig. 22). The 
height tended to increase in the outer wood of exposed roots, where the average 
was 3.1 cells. All these determinations were made from radial sections. 

The size and shape of the individual ray cells were exceedingly variable. The 
cells in the first-formed parts of new rays, particularly those arising in the inner 
wood, were often vertically elongated (fig. 18), whereas most of the cells in the 
succeeding parts were lower and lengthened in the radial direction. The length of 
the latter was greater in the early than in the late wood of each annual ring, and 
was usually greater in the outer wood of old stems than in the inner wood. The 
average height of these radially elongated cells fluctuated considerably in differ- 
ent specimens, but was generally higher in roots than in stems or branches (fig. 5), 
and in both roots and stems tended to decrease outward from the center. In lat- 
eral roots the average height decreased from 27 near the center to 22 ja in the 
outer wood and in stems declined from 22 ju near the pith to 18 yu in the periphery. 
The average width of the ray cells was lo-ii ju in roots and approximately 8 jU 
in stems and branches (fig. 25). 

It has been shown by Essner (4) for several conifers that the number of rays in 
the stem tends to decrease outward from the center, but, as Shimakura (9) has 
demonstrated, this tendency may be modified by the width of the succeeding 
growth rings. In the material of Thuja occidentalis examined by the writer the 
average number of rays dropped from 87 per sq. mm. in the inner wood to 61 in 
the outer wood of old stems (fig. 24), and in branches decreased from 63 near 
the center to 55 and 53 in the outer rings. There was also a decrease from the 
base to the upper levels in the stem. At the same distance from the pith there 
were 87 rays per sq. mm. in the stem bases of small trees as compared with an 
average of 65 per sq. mm. in the stem tips of trees 3 m. and 10 m. or more tall. 
Jaccard (7) has described similar distributions in other conifers. In roots no par- 
ticular tendencies in distribution were noted. The rays as a rule were of approxi- 
mately similar distribution in both inner and outer wood (fig. 24). Much greater 
variation was observed among individual roots of the same kind than among dif- 
ferent parts of the root or among roots in different habitats or depths in the soil. 
In this lack of correlation T, occidentalis differed markedly from certain other 
conifers (2). 

In addition to the ordinary uniseriate rays just described there were sporadic 
rays which differed strikingly in size, structure, and distribution. These unusual 
rays were sometimes much higher than the ordinary ones; their width ranged 
from one to occasionally ten or more cells; the individual ray cells were of many 
diverse shapes; and in some instances parts of the ray were largely tracheary 
(fig. 19). They originated from uniseriate parenchymatous rays usually traceable 
to the pith or primary xylem, and toward the outside broadened and subsequently 
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followed different courses of development. Some connected with adventitious 
roots, others split up into smaller rays, and yet others became gradually reduced in 
size so as to resemble ordinary rays again. They were found throughout the aerial 
parts of the tree, but their distribution was erratic (3). The most frequent occur- 
rence was observed in the outer wood on the lower side of large branches, where in 
one instance they attained an average frequency of 65 to the sq. cm. (as compared 
with 5300 ordinary rays per sq. cm.). They were seldom found in roots. 

Ray structure 

The ordinary uniseriate rays which began at the pith or in the early secondary 
xylem were usually parenchymatous throughout. Rays of later origin, particularly 
those arising in the outer wood of stems and branches, generally contained ray 
tracheids in their first-formed parts; but in the succeeding parts, where the ray 
height increased, the cells became parenchymatous. Sometimes such recently 
formed rays containing ray tracheids were applied to the margins of older par- 
enchymatous rays and formed marginal tracheary rows along the latter. 

Because ray tracheids were usually , restricted to new rays or marginal rows 
formed as already described, they did not constitute a large proportion of the 
tissue in the ordinary uniseriate rays. The most frequent occurrence was in the 
outer wood of branches and stems (fig. 23), where on the average 2-4 per cent of 
the ray rows contained ray tracheids, but even here their distribution was erratic. 
For instance, in old stems the range was from nearly zero in one specimen to more 
than 5 per cent in another. Moreover, these rows were not exclusively tracheary 
but in some cases contained only some ray tracheids intermixed with parenchyma 
cells, so that the actual proportion of ray tracheids in terms of parenchyma cells 
was even less than indicated in figure 23. These determinations were made from 
radial sections where ray tracheids were more obvious than in tangential sections. 
In roots ray tracheids were scarce. Their most frequent occurrence was in the 
outer wood of certain exposed roots and of roots growing in swamps, where the 
wood was stemlike in other features, but even here the average was only about 
I per cent (fig. 23). In the inner wood ray tracheids were yet more infrequent. A 
noteworthy feature of the distribution of ray tracheids in both roots and stems 
was the wide variation among different specimens of the same type. 

The ray tracheids were of many diverse shapes, especially iii the earliest-formed 
parts of the new rays; but farther along in the ray, or where the new rays were 
applied to the margins of older ones, the cells tended to be elongated radially. 
The bordered pits on the radial walls adjoining tracheids were generally relatively 
large, averaging about 8 ju, but in some instances graded down to 3 ja. Some ray 
tracheids had only large pits; others exhibited mixtures of large and small pits; 
and a few, particularly those located nearest the point of ray origin, sometimes 
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possessed only small pits. Occasionally the pits were only dimly outlined and the 
walls were thin, the appearance suggesting that the protoplasm had disappeared 
before wall thickening had been completed. Bordered pits on the horizontal walls 
in contact with ray parenchyma cells ranged from few to numerous, and the num- 
ber of pits on the tangential walls between ray tracheids also varied considerably. 
Sometimes these walls lacked pits. 

The preceding descriptions apply only to ray tracheids in the ordinary uniseriate 
rays. In addition to the latter, however, there were sporadic unusual rays which 
differed markedly in size and structure. They originated from uniseriate paren- 
chymatous rays but subsequently underwent strikingly different courses of de- 
velopment (3). The tracheary cells in these unusual rays were highly variable in 
number, position in ray, shape, size, and structure. They fluctuated from few — 
sometimes interspersed among thick-walled parenchyma cells in the central por- 
tions of the ray (fig. 30) — to many, comprising the bulk of the ray (fig. 19). Their 
shape ranged from radially elongated to rectangular, squarish, vertically elon- 
gated, and varied angular forms (fig. 19). Where the unusual rays were only one 
or two cells wide and ray tracheids were appearing for the first time, these cells 
were often radially elongated or somewhat squarish in shape, and resembled typi- 
cal ray tracheids with bordered pits commonly on all walls but sometimes absent 
from tangential ones. As the unusual rays widened these cells were sometimes fol- 
lowed by others in which there was progressive lengthening in the vertical direc- 
tion, so that some of the tracheary cells came to resemble short fusiform elements. 
As in the vertical tracheids comprising the wood, the bordered pits on the radial 
walls of these cells were often large, occasionally attaining the size of inter- 
tracheary pits, and faint crassulae were discernible above and below. The tan- 
gential walls often lacked pits. Where such series of transitional types occurred 
it seemed clear that certain of the ray initials had elongated until they acquired 
the stature of short fusiform initials. In some cases this continued enlargement 
resulted in a splitting up of the ray into separate smaller units, a process which 
sometimes was aided also by penetration of adjoining ordinary fusiform initials 
into the ray. In other instances the ray initials, after having elongated, gradually 
shortened, and some ceased dividing so that the ray tissue was reduced in quan- 
tity. Other unusual rays, instead of becoming subdivided into smaller ones, con- 
nected with adventitious roots, the root meristems apparently having been organ- 
ized in the phloem or cambial portions of the rays. In the wide parts of these rays, 
where the vascular tissues of the newly formed root were first appearing, the 
tracheary cells showed gradations in size, shape, and structure from more or less 
typical ray tracheids in the ray proper to primary xylem tracheids in the new root. 

Ray parenchyma cells in the ordinary uniseriate rays typically had thin tan- 
gential walls and thick horizontal and radial walls (figs. 26-28). The latter were 
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described by Bailey and Faull (i) as thickened primary walls bearing deeply 
depressed primary pit-fields. The tangential walls were usually thin (figs. 26-28) 
but sometimes were definitely thickened, particularly near the pith (fig. 29), less 
often near the center of roots (fig. 31), and rarely in the first-formed parts of new 
rays arising in the outer wood (fig. 32). The horizontal walls were generally thick, 
with widely spaced pit-fields (figs. 26-28), but sometimes were comparatively 
thin, especially in new rays arising near the center of roots. As a rule the horizon- 
tal walls of the cells in the older parts of the rays were slightly thinner in the outer 
wood of old stems and the outer wood of some roots than elsewhere in the tree. 
Indentures, or recessions in the horizontal wall adjoining the point of contact 
with the tangential wall, have been described by Peirce (8) as regularly present 
and pronounced in Thuja, but in material examined by the writer were variable. 
They were usually present in the outer layers of old stems but occasionally were 
shallow or absent; they were often well developed in the inner wood of stems and 
branches but at other times were not discernible; and in the inner wood of some 
lateral roots they were frequently lacking or only feebly developed. 

The ray parenchyma cells usually retained their protoplasm for several years, 
but in some cases, especially in the first-formed parts of rays or where a row in an 
old ray had ceased, the protoplasm disappeared early. The walls of these cells 
were often thinner than in the living cells, and the number of pits in the crossing 
field was occasionally noticeably reduced. In one or two instances only an outline 
or ^^ghost” was discernible, and the adjoining tracheids lacked pits in the crossing 
field. 

Yet other types of parenchyma cells were observed, particularly in some of the 
sporadic unusual rays. Here certain of the cells, as shown in the lower two rows in 
figure 30, had thick lignified walls with numerous pit-fields. The thickness of the 
tangential walls especially was in marked contrast to the uniformly thin condi- 
tion in the corresponding walls of the more typical ray cells in the upper three 
rows. The protoplasts of the thick- walled cells disappeared early in some instances 
but in others remained as long as in the typical ray parenchyma cells. Intercellular 
spaces between the thick-walled cells and the adjoining tracheids were generally 
much reduced or absent (fig. 34), while those associated with typical ray cells 
were conspicuous (fig. 33) . Where the unusual rays attained their maximum width 
the range of structural variability in the parenchyma cells was even greater. From 
cells with thick, knoblike, heavily lignified walls there were gradations to cells 
with uniformly thin, unlignified or slightly lignified walls on all sides. Some of the 
cells were dead; others living. The cell shape ranged from round and distended to 
irregular and angled, and occasionally some of the thin- walled cells had collapsed. 
The diverse types and shapes of cells occurred in various proportions in different 
rays and in different parts of the same ray. Intercellular spaces were variable. 
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Discussion 

Some features of the wood of Thuja occidentalis varied considerably from one 
specimen to another without evidence of definite trends in any parts of the tree. 
In other features distinct tendencies were apparent in some parts of the tree 
though perhaps not in other parts. For instance, the tracheids increased in size 
outward from the center in stems but not in roots, and as a rule were noticeably 
larger in roots than in stems; the number of rays decreased outward from the 
pith in stems but in roots remained relatively constant; the ray height increased 
outward from the center in stems and in certain types of roots, and in the inner 
wood was approximately the same in roots as in stems or branches; the height of 
the individual ray cells and the number of pits per crossing field decreased toward 
the outside in both stems and roots. Certain of these tendencies have been noted 
in other genera, and they may prove to be general among the conifers. For ex- 
ample, the decrease in number of rays outward from the pith has been noted in 
several genera (4, 5). In other cases, however, the degree or even direction of 
trend varies with the genus. It has been shown in T. occidentalis that the average 
ray height in the inner wood of root and stem is similar, whereas in some of the 
Abietineae the rays in certain types of roots are definitely higher than in stems of 
like size (2). Preliminary investigations have indicated that divergency in trend 
may occur even among the Cupressineae. Hence it is unwise to assume that tend- 
encies in anatomical variation noted in one genus necessarily occur in another. 
Variability in structure and divergency in trend render imperative the use of 
homologous parts of the tree when comparing or contrasting the woods of different 
conifers. 

Although many specimens of the various other Cupressineae were studied, 
neither sufihcient quantities nor variety of material were available to allow satis- 
factory comparisons with T, occidentalis. For this reason no attempt will be made 
to select characters useful for the identification of Thuja wood or its separation 
from other Cupressineae. Peirce (8), in his descriptions of Thuja, referred to the 
large size of the apertures in the crossing-field pits as being unique, and described 
indentures in the horizontal walls of the ray cells as ^‘regularly present and pro- 
nounced.’’ Both these features were often well developed in stems but in some 
specimens and in other parts of the tree were variable, the indentures particularly 
being too inconstant to be diagnostic. Slyper (10) in his key separated T. occi- 
dentalis from r. gigantea and T. standishii on the absence of thickenings on the 
transverse walls of the xylem parenchyma cells. He stated that the walls in 
T. occidentalis were nearly smooth, whereas the writer found them to be sometimes 
smooth but more often definitely thickened or beaded. Because of such variabil- 
ity, attempts to differentiate closely similar woods by utilizing only single anatom- 
ical characteristics of the type here mentioned seem futile. If identifications are 
to be positive, not single but rather combinations of characters must be used. 
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Summary 

1. Studies of samples from different parts of the tree, from trees of different 
sizes, and — in the case of roots — from roots growing under different environmental 
conditions, revealed much variation in the structure of the secondary xylem. 

2. Some features usually recognized as variable, namely, size of tracheids, num- 
ber and size of crossing-field pits, height and distribution of rays, and height and 
width of ray cells, were found to vary widely; but in some cases definite trends 
were recognizable in different parts of the tree. 

3. Other characters more generally regarded as diagnostic, such as the arrange- 
ment of the intertracheary pits on the radial walls of tracheids, the degree of de- 
velopment of the torus, the presence or absence of crassulae, the size and shape of 
the apertures in the crossing-field pits, and the thickness of the walls of ray and 
wood parenchyma cells, also varied greatly, often within the same piece of wood. 

4. In view of such variability it is obvious that caution must be exercised in 
the selection of diagnostic characters for the identification of woods. 

Department oe Botany 
University oe Toronto 
Toronto, Canada 
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GEMMAE-CUP PRODUCTION IN MARCHANTIA POLYMORPHA 
AND ITS RESPONSE TO CALCIUM DEFICIENCY AND 
SUPPLY OF OTHER NUTRIENTS^ 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 532 
PAUL D. VOTH 
(with six figures) 

Introduction 

Excellent adaptability to nutrient supply and photoperiod has been reported 
recently for Marchantia polymorpha L. (15). Nutrient triangles with relatively 
small numbers of positions were adequate to effect distinctive growth responses 
when calcium, phosphate, and nitrate supply was systematically varied. The pres- 
ent study deals principally with the effect of relatively smaller proportions of the 
six common ions, with particular reference to lower limits of calcium and phos- 
phate supply and to larger concentrations of nitrates. This is accomplished by em- 
ploying triangles each having fifty-five positions. Similar nutrient triangles have 
been employed by Schreiner and Skinner (ii), True (14), and others. 

As previously, records were made of changes in gross appearances of the plants, 
increases in total area, accumulation of dry weight, and formation of gemmae 
cups. From the data secured it is possible to suggest the relative proportions and 
concentrations of the commonly used nutrient salts conducive to the greatest 
vegetative development of this plant. The anatomical details of the apices of 
plants growing in nutrient solutions deficient in calcium may give clues to the 
function of calcium in meristematic and differentiating cells and tissues. Compari- 
son of the total number of gemmae cups on antheridial and archegonial thalli 
seems to offer possibilities in the identification of the sex of vegetative plants of 
M. polymorpha. 

General methods 

The strains of plants used in this investigation are from the clones used in ex- 
periments 8 and 9 (15) and originated as follows: 

Culture A: One male plant selected from plants growing in the greenhouses 
of the University of Chicago, May 16, 1939. 

Culture B: One female plant similarly selected, May 15, 1939. 

From the new tips which form dichotomously as the plant grows, these clones 
have been perpetuated uninterruptedly. 

^ This work was supported in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chicago. 
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All experimental work was conducted in the greenhouse, using the culture 
method of placing six plants on a disk of glass cloth supported by a glass rack 
and placed in the open half of a moist chamber. Each culture was supplied with 
about 200 cc. of fresh solution daily (15). The plants and apparatus received a 
daily pressure-rinsing with distilled water, which also served to remove excess 
algae from the surface of the glass cloth and from the water line in the moist 
chamber. 

All plants grew for 32 days, September 24 to October 27, 1940. Supplementary 
light was supplied with 200-watt Mazda filament bulbs in reflectors, suspended 
about 33 inches above the plants. A maximum of 200 foot-candles directly under- 
neath the reflectors and more than 100 foot-candles between the lights at the 
level of the table top was recorded at the beginning of the experiment, when re- 
flection from the glass cloth was maximum and plant size minimum. These lights 
were on from sundown until 2:00 A.M., a total photoperiod of 18 hours in each 
24-hour period. 

Because of experience gained previously, the phosphate supply was consider- 
ably decreased, the nitrate supply was increased, and the other ions were given 
in relatively the same proportions as in experiments 8 and 9. The molar concen- 
tration of each ion as well as the amount of each salt used is shown in table i. 

Of the fifty-five units constituting each triangle, only thirty-seven were actually 
used in the present study. Since the omission of a single ion resulted in striking 
symptoms in previous experiments (particularly K, Ca, NO3, and PO4), many 
positions along the sides of the triangles were not repeated. The positions actually 
employed in this study are indicated by squares and the unused ones by circles 
in figure i. In a similar triangle, anions were varied and cations remained con- 
stant; the NO3 position was at the top, PO4 at the lower left, and SO4 at the 
lower right. 

Male and female plants of cultures A and B, respectively, were grown in sepa- 
rate moist chambers, but the two cultures were always adjacent to facilitate 
changing of solutions and to provide as comparable a habitat as possible for both 
sexes. 

As in experiments 8 and 9, gemmae cups were counted, all plants were photo- 
graphed by groups, areas were determined photometrically, fresh weights were 
recorded, one plant from each dish was preserved in formalin -acetic acid -alcohol 
preservative, and the remaining plants were weighed when dry. The percentage 
dry weight of five plants was used to calculate the dry weight of six plants. The 
present investigation is designated experiment 10. 
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Investigation 

Response to omission of ions 

Cation triangle. — Each Marchantia cutting, when planted on September 24, 
averaged 3 sq. cm. in area. Plants on positions 10, 28, i, and 55 received no cal- 
cium, and the latter two were given no magnesium and no potassium, respectively. 
These cultures grew only slightly, with a maximum final area of only about three 

TABLE 1 

Concentration of salts in the six stock nutrient solutions used in making up 74 other 
combinations. To each solution was added 0.2 P.P.M. OF MNSO4, ZNCI2, AND NA2B4O7, 
and also 0.02 p.p.M. of FESO4. The nine salts are identical with those OF experi- 
ments 8 and 9 (15) 


Molar 

CONCENTRATION 

Salt con- 
tent (cc. 
OF 0.5M 
solution) 

Molar 

concentration 

Salt content 
(per liter) 

Molar 

concentration 

Salt content 
(per liter) 


PER L. 






Cations varied 


K solution 

Ca solution 

Mg solution 

K 0.0054 I 


Ca 0.0027 


Mg. . . .0.0029 


NO3. . . .0.0032 

6.40* 

NO3. . .0.0032 

3 . 20 cc. of 0 . 5M 

NO3. . .0.0032 

3 . 20 cc. of 0 . sM 

PO4 0.0004 

o.Sof 

PO4 . . . .0.0004 

0.0504 gm.t 

PO4 ... . 0 . 0004 

0.0698 gm.§ 

SO4 0.0009 1 

1 .80 

SO4 .... 0 . 0009 

0.1550 gm. 

SO4 .... 0 . 0009 

I . So cc. of 0 . sM 


Anions varied 


{ 

NO3 solution I 

PO4 solution 

SO4 solution 

N03 . . . .0.0051 

K 0 . 0009 

Ca 0.0012 

Mg 0.0009 


! 

P04 0.0042 

1 K 0 . 0009 

! Ca 0.0012 

1 Mg. . . .0.0009 


S04. . . .0.00255 

K 0 . 0009 

Ca. . > . .0.0012 
Mg .... 0 . 0009 


1.80* 

2.40 

1 .80 

1 .80 cc. of o.5Mt 
0.3026 gm.| 

0.1570 gm.§ 

0 . 90 cc. of 0 . 5M 
0 . 2066 gni. 

1 .80 cc. of 0.5M 

*AsKNO,. 

t As KH.PO,, 

t As Ca(HaP04)^-m0. § As MgHPO^- 

3HaO, etc. 



times the original. A smaller final area than the original may be attributed to dis- 
integration of the dead plants (solution 55). After 4-6 days all plants in cultures 
deprived of calcium became black tipped and finally died, except a few which 
regenerated new thalli from the ventral surface of the older plant. Plants on solu- 
tion 55, lacking calcium and potassium, blackened soonest and were smallest in 
area. ■ ■ 

When potassium is omitted from nutrient solutions, as in positions 49, 52, 46, 
and 55 (with the latter two also lacking magnesium and calcium, respectively), 
the growth responses are as follows: Plants on solution 55 respond to the omis- 
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sion of calcium after a few days. After 18 days, position 46 still possesses small 
plants (fig. 2), but the characteristic tan color of the older thallus parts — espe- 
cially along the margins of the wings near the tip— indicates a lack of potassium. 


K 



Fig. I. — Cation triangle showing method of combining stock solutions, on basis of ninths, to secure a 
range of fifty-five solutions varying in cations and constant for anions. Each apical position lacks two 
cations; each side of the triangle, one; and the center is supplied with all three in varying proportions. A 
similar triangle for varying anion combinations was employed: NO3 at top, PO4 at lower left, and SO4 at 
lower right. 

The remaining two cultures lacking potassium develop larger plants without con- 
spicuously brittle margins but with the light brown color in the basal portions of 
the plants. 
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The omission of magnesium (solutions 7, 22) affected the total area as well as 
the dry weights of the plants adversely, but in appearance these plants resembled 
adjoining cultures receiving a full complement of nutrient ions. The cultures lack- 
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Fig. 2 . — Area in square centimeters of six plants growing in each nutrient combination. Two triangles 
at left are male plants; at right, female. 


ing magnesium and another cation responded according to the pattern usual for 
lack of calcium or potassium (solutions i and 46, respectively). 

Anion triangle. — When planted on September 25, each cutting averaged 3 
sq. cm. in area. Plants growing in solutions containing no nitrate (loi, 104, 107), 
no phosphate (56, 65, 83), or both (no), developed darker midribs; and scales, 
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rhizoids, and lower epidermis became red after about 10 days. In all these posi- 
tions algae were nearly absent from the surface of the glass cloths and of the 
solutions during the entire experiment. After about 2 weeks the plants lacking 
nitrates failed to gain in size, remained relatively narrow, produced practically no 
new gemmae cups, and forked dichotomously only infrequently, so that apical 
growing points were relatively few in number. The color of the upper surface of 
the plants became more yellowish as time went on. 

The omission of phosphorus resulted in a different response after 2 weeks. 
Plants possessed a very dark midrib region, and the intensely green color of the 
upper surface was superimposed on the red color of the under surface. Dichotomy 
occurred frequently, giving the plants a rosette-like appearance. The plants were 
wider than average, and gemmae cups were very numerous (fig. 6). Another char- 
acteristic of plants lacking phosphorus was the tendency to be closely appressed 
to the glass cloth. Whether this is a phototropic or a geotropic response, or in- 
fluenced by chemical or by mechanical stimuli, has not been determined. Only 
two antheridiophores formed on plants growing in the entire anion triangle — one 
each on solutions 65 and 69, the former lacking and the latter low in phosphorus. 

Omission of sulphate from the solutions failed to alter the gross appearance of 
the plants and influenced dry weights only slightly (fig. 3). There may have been 
sufficient sulphur present in the atmosphere, since no special precautions were 
taken to exclude greenhouse air from the cultures. 

Response to combinations oe all ions 

Cation triangle. — Plants in the twenty-eight positions in the center of the 
triangle all continued active growth during the entire period. As in previous ex- 
periments, the majority of cultures surrounding the exact center (solution 25 in 
this experiment) were larger in area, or heavier on the basis of dry weight, or both, 
when compared with the central position. This observation possibly has no great 
significance until additional data are available. Dry-weight accumulation by both 
sexes was greatest in position 34 and had a nutrient supply of f K, f Ca, and f Mg 
solutions. Each triangle of fifty-five possible positions was treated as a unit in 
assigning rank. With only thirty-seven positions in use, the greatest dry weight 
accumulation is designated as rank i (position 34 in the cation triangles support- 
ing male and female plants, respectively) and the least dry weight as rank 37 (posi- 
tion 28 in the cation triangle of male plants and position 55 in the cation triangle 
of female plants— both positions from which calcium is absent). The uppermost 
triangles in figure 3 show that within the central part of the cation triangle the 
distribution of rank is fairly diverse, indicating that K, Ca, and Mg may be pres- 
ent in rather wide ranges of concentrations and combinations and still be suitable 
for healthy growth of Marchantia. 
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Anion triangle. — Of the twenty-eight centrally located positions, plants in 
the row receiving 4,- PO4 (solutions 60, 64, 69, 75, 82, 90, and 99) appeared most 
robust after the first 2 weeks, with the exception of plants on solution 99. Plants 



Antheridial plants Archegonial plants 

Fig. 3. — Rank on basis of dry weight. Two triangles at left represent male plants; at right, female. 
Each triangle is a unit for ranking. Rank i, greatest dry weight, is in same position (no. 34) in cation 
triangle for male and also female plants. Similarly, rank i in anion triangles is in same position for both 
male and female plants (no. 69). 

on solutions 64 and 69 made observably greater growth during the entire growing 
period, and on the basis of dry weight the latter ranked highest among male and 
female cultures in the anion triangle (fig. 3). Toward the base of the triangle, 
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where proportions of nitrates decreased progressively, plants were correspond- 
ingly smaller (fig. 2) and had the lowest final dry weights of the complete nutrient 
plants (fig. 3). Male as well as female plants accumulated the greatest dry weight 
in position 69, with a solution mixture of | NO3, i PO4, and f SO4. When all six 
ions were present and anions were varied, increased growth in area and greater 
accumulation of dry weight were definitely correlated with increased nitrate and 
decreased phosphate supply, even though the former was greatly increased and 
the latter decreased in the stock solutions of this experiment. These relationships 
are summarized in table i and figure 3. 

Response to small amounts of calcium 

After 24 days some of the plants in the row of the cation triangle receiving only 
I part of calcium to a total of 8 parts of potassium and magnesium began to de- 
velop black tips (fig. 4). Often the wings near the apical notch became black first, 
followed by darkening of the region of meristematic activity; or at times the region 
of the apical cell(s) suddenly became dark. A V-shaped zone soon developed pro- 
gressively in a posterior direction, as shown in a plant tip near the upper center 
of figure 4, 2ocf . On many plants the blackened areas became watery. By the 
end of the experiment, a few days after the first symptoms were noted, many of 
the blackened tips were dry, curled upward, and were brittle (fig. 4). No correla- 
tion seems to exist between this sudden death of the terminals and the factors 
which were obviously varied — the concentrations of potassium and magnesium. 
Since the only common factor in all these cultures was a -J- Ca supply, it may be 
assumed that the low concentration of the calcium ion is responsible for these 
symptoms. Injury was observably greatest in male and female plants growing in 
solution 5. The following solutions are listed in the order of decreasing injury to 
the respective Marcharutia cultures: 5 cf and 5 9 > Qc? > 350? and 35 9 > 2 o 9 
> 270^ > 20cr > 440^ and 449 . No external evidence of “burning’’ was noted 
in plants growing in solutions 279 , 99 , 14c?’, and 149 . In all the preceding 
cultures a | proportion of calcium with reference to the other cations in solution is 
equivalent to a calcium concentration of 0.3 millimols per liter, or 12 p.p.m. 

Anatomical EFFECTS OF calcium DEFICIENCY 

When calcium is absent or deficient in any particular plant, the anatomical 
effects on the cells and organs of that plant often are characteristic enough to be 
diagnostic for this element. Death of the stem apex (3, 5, 6, 7, 8), abnormalities 
and death of root tips (i, 4, 7, 8, 12, 13), hooking downward of the tip of young 
leaves in the bud (5), and yellowing of the youngest leaves (7) followed by necrosis 
of leaf tips and margins (5, 6) have all been reported for several flowering plants. 
Premature vacuolization and eventual loss of all cytoplasm in the elongating cells 



■rchegonial plants (top) and antheridial plants (bottom) of M. polymorph 
aon 20, with Ca supply of | . Several plants of both sexes exhibit blackeni 
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of the root tips have been reported for Japanese millet, rape, buckwheat (4), 
wheat, corn (i), pea (12, 13), and other plants. In rape, cells of the cortex of the 
stem were large and the stele relatively small when compared with the cortex. 
In buckwheat the situation was reversed. A similar diversity of response was re- 
ported in the length of the palisade cells when calcium is withheld from these two 
plants (4). Roots of peas growing in the absence of calcium lack resistance to 
overcome infection by microorganisms (13). 

When Spirogyra and Zygnema are grown on minus-calcium solution, the chloro- 
plast loses its conspicuous lobing, becomes narrow, and soon lacks starch. Exces- 
sive vacuolization was followed by general cytoplasmic disorganization, although 
even after 6 weeks nuclear division was reportedly unaffected but the wall between 
newly formed nuclei failed to form. After 2 months of calcium absence the apical 
cell of a Spirogyra filament was the first to possess a disorganized chloroplast and 
to contain a dark substance related to the lecithins (9) . 

The responses of the gametophyte of Marchantia to deficiency or lack of cal- 
cium were investigated in detail anatomically. Thallus tips from plants receiving 
only i Ca (solutions 5, 9, 14, 20, 27, 35, and 44), as well as tips from initial control 
plants growing on a complete nutrient stock solution, and a few tips from cultures 
surrounding the low-calcium triangle positions, were imbedded in paraffin, sec- 
tioned at 7 and stained in Flemming’s triple stain. Nearly all tips were sectioned 
longitudinally. Oblique and transverse sections of the tip confirmed observations 
made on longitudinal ones. Transverse sections of older parts of the plant are of 
less value in this phase of the study, since nearly all cells a few millimeters back of 
the growing tip are mature and practically devoid of cytoplasm and much re- 
semble cells of healthy plants. The walls of the cells of the older portions often 
stain intensely with methyl violet when the cells of the tips of the same lobe are 
necrotic. Day (2) found only slight variation between transverse sections of pea 
roots taken from healthy and calcium-deficient plants, but the amount of elonga- 
tion was distinctive. 

Plants growing as initial controls on a complete nutrient solution possess an 
apical growing region characterized by much meristematic activity. The apical 
cell is not clearly distinguishable from many of the surrounding cells (fig. S, con- 
trol 9 ) . The meristematic zone is several cells wide and merges gradually into the 
zone of cell enlargement and maturation. Cells and air chambers of the dorsal 
photosynthetic layer differentiated gradually from the surface layers of the apical 
meristem (fig. 5, control 9 ). In the same treatment (^ Ca supply) not all plants 
responded alike; some were entirely necrotic whereas others showed slight injury. 
As a result, tips taken at random might not represent the state of an entire culture 
accurately. Many sections from cultures showing a deficiency of calcium pos- 
sessed degenerating cells (fig. 5, 14 9 , 9cf , 3S 9 ) • Longitudinal sections of black- 





-V, 








Fig, s.— Vertical longitudinal sections through apical notch of Control is growing as stock plant 

on complete nutrient solution. Numbers indicate position in triangles. Apical cells show most clearly in 44 9 , 14^^, 
149, and 359. 
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ened tips showed only advanced stages of terminal degeneration, with no recog- 
nizable apical cell or even apical notch area. All sections shown in figure 5 were 
from tips which possessed no external evidence of necrosis, such as discoloration, 
and no collapse. 

First evidences of unhealthy conditions found in longitudinal sections through 
the tip of a calcium-deficient plant are the larger vacuoles in the cells of the ma- 
turing region, the darker-staining nuclear zones, and the smaller number of 
chloroplasts. These conditions are shown in figure 5, position 9 9 (and to a lesser 
degree position 59), even though plants in the former position possessed no out- 
ward evidences of unhealthy development, while many plants in the latter culture 
had blackened tips. Reed (10) describes the premature vacuolization and polari- 
zation of meristematic cells of the stem tips of apricot and peach trees and the 
accumulation of phenolic materials in maturing cells when zinc is deficient, but 
subsequent necrosis when this element is lacking or deficient is not reported. 

Associated with the internal symptoms just noted, the meristematic zone is 
limited to a few concentric layers of cells derived from the apical cell, all contain- 
ing a relatively large proportion of protoplasm and small vacuoles (fig. S, 99 
and s 9 ). When such abrupt zonation becomes especially evident, the apical cell 
is easily distinguishable (fig. 5, 449 and 14c?). Meristematic activity continues 
in the dorsal region, where air chambers develop (fig. 5, 449). Gemmae-cup 
differentiation also continues (fig. 5, 14c?), even when cells below the single floor 
layer of the cup are mature — as shown by large cell size and extreme vacuoliza- 
tion. The ventral segment of the apical cell in position 44 9 (fig. s) is in the proc- 
ess of transverse division, but the spindle is not clear because of the reduction in 
size of this figure. 

Following the period of limited meristematic activity with concomitant pre- 
ponderance of mature cells, necrosis in the dorsal areas (near the tip of the plant) 
occurs (fig. s, 149). At times this zone of dead cells involves an embryonic 
gemmae cup (fig. 5, 9c?'0- The breakdown of dorsal tissues is in contrast to the 
longevity and persistence of the small ventral cells which surround the bases of 
smooth rhizoids and are the source of regenerated thalli (15). 

Most tips in which necrosis is beginning possess apical cells which apparently 
are still functioning. Sections of a single tip in position 9 (fig. 5, pcf ^ and 9c? 
show that dichotomy is still in progress, since different apical cells are present in 
these sections, which are located on one microscope slide. One section apparently 
has a living apical cell, while a few microns farther on (fig. S, 9c?^) the other half 
of the dichotomy possesses a necrotic apical cell region and a zone of living cells 
forming a V just posterior to the apex. As in position 35 9 (fig. s), all cells of the 
tip eventually die. 

The next event usually is collapse of the cells of the tip, accentuated or even 
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initiated by decay. Cells in the interior of the older portions of the thallus col- 
lapse (15, figs. II, 12). Regeneration of plants from the small cells surrounding 
the base of smooth rhizoids located a few millimeters posterior to the tip has been 
described previously (15). 

The rank of male and female plants in the upper two triangles of figure 3 indi- 
cates that, despite the unhealthy internal condition of most of the tips in the 
■1^ Ca row, accumulation of dry weight was better than average and in some in- 
stances nearly maximum for this experiment. Until the tips began to blacken, the 
gross appearance of these plants was among the best in the cation triangle. 

Vegetative characters correlated with sex 

In experiments 8 and 9 (15), where antheridial and archegonial plants were not 
grown simultaneously, the number of gemmae cups on the female plants was con- 
siderably less than on the male plants (568 on 9 , 2300 on cf ; a ratio of 1:4), 
but no significance was expressed since the data were insufficient to warrant a 
conclusion. By growing both sexes simultaneously under comparable conditions 
in the experiment under discussion, the earlier results were confirmed (946 gem- 
mae cups on female, 6268 on male plants ; a ratio of i : 6.6) and a rough correlation 
between sex and gemmae-cup production was established. Total gemmae-cup 
counts for each culture, sex, and triangle are given in figure 6. 

Other factors being equal, decrease of the phosphate supply tends to favor 
greater gemmae-cup production. When all phosphates are absent, however, the 
number of cups on male plants tends to decrease while on female plants the num- 
ber increases. Cup ratios are average when phosphates are present in as little as 
^ proportion (0.47 millimols per liter) ; but when phosphates are omitted the ratios 
are much lower, so that a male plant cannot be distinguished from a female on this 
basis. As shown in figure 6, decreased nitrate supply results in the production of 
fewer gemmae cups. Maximum number of cups seems to depend, therefore, large- 
ly upon a high nitrate level and a very low phosphate supply. When nitrate sup- 
ply is high and all common ions are present in the nutrient solution, the sex of vig- 
orously growing cuttings of M. polymorpha may be determined reasonably ac- 
curately by observing the thallus width approximately i cm. back of the apical 
notch and of the wings. Male plants are narrow when compared with female 
plants. 

The upper surface of vigorously growing female plants is smoother and reflects 
light more readily than similarly cultured male plants*. Whether this appearance 
is dependent upon differences in cuticle, size of air chambers, curvature of air- 
chamber roof, relative protrusion of chimney cells of the pore, or upon a combi- 
nation of these factors is not yet determined. 
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In general the margins of the male plant are more undulating and tend to curve 
downward abruptly, especially if infested with blue-green algae or growing in a 



Antheridial plants Archegonial plants 

Fig. 6. — Number of gemmae cups on six plants of each culture. Counts on male plants in two triangles 
at left, female at right. Counts include cups present on original cutting. Ratio of cups on all male plants 
to those on female is 6.6: i. In anion triangle greatest cup number is associated with decreasing amounts 
of PO4 in nutrient solution. Omission of PO4 results in very slight differences in number of cups on male 
and female plants. Larger numbers of gemmae cups and higher nitrate supply correlated positively. 

medium with a high pH. Often the marginal row of ventral scales tends to curve 
out and up, forming a wavy white margin in the male plants. Under these condi- 
tions, the smaller number of gemmae cups, the broader thallus tip, and the plane 
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surface of the female plants, known as culture B, serve to distinguish it from cul- 
ture A, the male plants. These distinctions have definite taxonomic value in the 
clones just mentioned. Even with a low calcium supply (fig. 4), the distinction be- 
tween culture A (bottom) and culture B (top) is possible on the basis of gemmae- 
cup number and gross appearance. Cultures of ikf. polymorpha plants from widely 
scattered localities in the United States are now being studied to determine the 
validity of these observations on other clones and to determine a possible correla- 
tion between sex and the relative number of gemmae cups produced by any par- 
ticular culture. If a positive correlation is found, indicating possible sex linkage, 
further inquiry into the mechanisms of gemmae-cup initiation and factors influ- 
encing their development would be highly desirable. If maleness and the presence 
of large numbers of gemmae cups are not associated in other clones, an extensive 
field of genetic investigation would be opened. Similarity in number of gemmae 
cups on both male and female gametophytes when phosphates are absent indi- 
cates a need for study of the possible relation of this ion to the factors concerned 
in the expression of sexual characters. 

Gametangiophore production 

On the 888 plants grown during the present study, only eleven antheridiophores 
and three archegoniophores differentiated. This response is to be expected, since 
light intensity decreased during the term of the experiment (September-October). 

Summary 

1. As in previous experiments with Marchantia polymorpha^ the omission of K, 
Ca, NO3, or PO4 ions results in characteristic differences in the gross appearances 
of the plants. The lack of K produces plants with tan-colored bases and slightly 
narrower tips. Absence of Ca results in almost immediate death of the growing 
tips. Deficiency of NO3 and PO4 is indicated by reddening of scales, of rhizoids, 
and of lower epidermis. Plants lacking the former ion become light green, possess 
few gemmae cups, and fork infrequently; but plants growing on solutions lacking 
PO4 soon become dark green, have abundant gemmae cups, and because of fre- 
quent dichotomy are rosettes. Deficiencies of Mg and SO4 are not indicated by 
any characteristic symptoms. 

2. With a concentration of 0.3 millimols of calcium per liter of solution, death 
and degeneration of the plant apices result. Microscopically an early and rapid 
vacuolization occurs in enlarged cells near the apical cell. Necrosis first begins 
in the more nearly mature cells and continues until the entire tip is dead. 

3 . When grown on glass cloth and supplied with abundant nitrates, plants with 
many gemmae cups, narrower thalli, and incurved margins are male, belonging 
to culture A. Plants of culture B (female) have fewer cups, broader thalli, and 
plane surfaces. 
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4. On the basis of dry- weight accumulation and total area of plants, op timum 
vegetative growth is evident in certain areas of each triangle. On this basis, and 
with consideration of the gross and microscopic aspects of the plants, molar con- 
centrations of the six ions may be suggested as meeting the requirements of 
M. polymorpha: K 0.0012, Ca 0.0007, Mg 0.0014, NO3 0.0034, PO4 0.0004, and 
SO4 0.0008 mols per liter. In practice, a solution may be made up using the follow- 
ing quantities of a o.sM solution of each of the following salts; KNO3 1.6 cc., 
Ca(N03)2 1.4 cc., Mg(N03)2 1.2 cc., KH2PO4 0.8 cc., and MgS04 i-d cc. per liter 
of solution. Slight variations in the proportions of these salts do not affect the 
mineral requirements of this plant. 

University oe Chicago 
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EFFECT OF PHOTOPERIOD AND TEMPERATURE ON 
DEVELOPMENT OF BARLEY 

H. A. BORTHWICK/ M. W. PARKER/ AND P. H. HEINZE^ 

(WTLTH TWO figures) 

Introduction 

The role of artificial light used to extend a natural photoperiod is different in 
short- and long-day plants in that it prevents flowering in the former and induces 
it in the latter. These opposite responses to the same stimulus suggest that the 
basic reactions influenced by supplemental light may be different in the two cases. 
One source of evidence for or against this assumption would be found in compari- 
son of the intensities of light required to produce these characteristic responses 
in typical long- and short-day plants. Most of the data available for such com- 
parisons, however, come from experiments dealing with the practical aspects of 
the use of supplemental light in the control of flowering. The records from most 
of these are based on the final presence or absence of open flowers or large buds 
in the experimental material and do not deal with the early stages of floral initia- 
tion, Such records are entirely satisfactory for the purpose for which they were 
intended, but they are not useful for the comparisons here proposed. They show 
that certain light treatments result in failure of the plants to flower but give no 
indication of the reason for the failure. 

Early examination of the experimental material by dissection methods is re- 
quired to determine whether the lack of flowers results from failure of flower buds 
to be initiated or failure of flower primordia to continue development after they 
have been initiated. For short-day plants, particularly Biloxi soybean ( 2 , 6), such 
data are available, but this is not the case for long-day plants. The ultimate col- 
lection of such data from various typical long-day plants was one of the objectives 
of undertaking detailed studies with barley. 

In addition to being generally regarded as long-day in their responses to photo- 
period, several cereals, including barley, are reported to exhibit clear-cut interac- 
tions between temperature and photoperiod. In these cereals the effects of tem- 
perature treatments applied during germination or seedling stages may express 
themselves during the subsequent development of the plants or at their maturity. 
Since the cereals may exhibit after-effects of temperature treatment as well as re- 
sponses to photoperiod, they are well adapted for varied experiments involving 
either of these factors or their interactions, 

^ Morphologist, ^ Physiologist, 3 Junior Plant Physiologist; U.S. Horticultural Station, Beltsville, 
Maryland. 
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The purpose of these experiments was to study the influence of different photo- 
periods upon the development of barley seedlings previously subjected to vari- 
ous temperature treatments. The results presented in this paper were obtained 
from experiments conducted in the springs and summers of 1940 and 1941. 

Literature review 

Garner and Allard have reported that long photoperiods hastened the head- 
ing of wheat, oats, barley, and rye (3). In the winter cereals, however, Purvis 
and Gregory (7) have stated that flowering was accelerated by an initial treat- 
ment with either short photoperiods or low temperature, but they emphasized the 
fact that, in either case, final treatment with long photoperiods was necessary 
for the completion of flowering. In spring rye, on the other hand, they found that 
short photoperiods resulted in the formation of increased numbers of leaves before 
heads were formed, and that heading was thereby delayed by such treatment. It 
seems desirable, therefore, to regard these cereals as ^dong-day” plants, as Purvis 
and Gregory suggest, since the heading of both spring and winter varieties is 
accelerated by the application of long photoperiods, except during the very early 
stages of the winter ones, when short photoperiods seem more effective. 

Both Purvis and Gregory (7) and McKinney and Sando (5), working with rye 
and wheat, respectively, have reported that the number of leaves formed before 
spikelet primordia were differentiated was influenced by the temperature during 
germination and the photoperiod immediately following. Long photoperiod was 
correlated with lower numbers of leaves and short photoperiod with higher num- 
bers. In spring rye, however, Purvis and Gregory found that leaf number was 
not influenced by germination temperature, while McKinney and Sando, work- 
ing with spring wheat, obtained opposite results. The response of spring barley 
to this factor was not discussed by either group of workers. 

The development of the barley spike has been well described and illustrated by 
Termer and Holzner (4) and by Bonnett (i) . Bonnett reported that four true 
leaves were differentiated in the ungerminated seed, the fourth and youngest con- 
sisting of a transverse ridge near the growing point of the embryo. Bonnett’ s 
plants developed a total of approximately twelve true leaves from the main axis, 
before the primordia of spikelets were initiated. This was a somewhat higher num- 
ber than was produced by the plants in the present experiments, the difference 
undoubtedly being related to the different environmental conditions of the two 
experiments. 

Plan of experiment 

Two varieties of barley were selected, one a strictly winter type and the other 
a semi-winter type. The former, Kentucky no. i, G.I. no. 6050, is reported not to 
head unless it receives a period of low temperature during its early development, 
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while the latter, Wintex C.I. no. 6127, is known to require little or no low tem- 
perature. In these experiments the Kentucky plants failed to head in any of the 
experimental lots but the Wintex plants headed under all treatments. This report, 
therefore, deals exclusively with the results obtained from Wintex. 

All the plants were started in rooms where they were grown for various num- 
bers of days under constant conditions of light intensity, temperature, and photo- 
period. While the plants were in the rooms they were all grown at 65^ F. and on a 
daily photoperiod of 16 hours. The light source was a carbon arc supplemented 
with about 160 foot-candles of Mazda light. The total intensity at the surface 
of the leaves was approximately 2000 foot-candles. Beginning May 7, 1940, plant- 
ings of both varieties were made at four successive s-day intervals. Thus on the 
twentieth day after the first planting, seedlings 5, 10, 15, and 20 days old were 
available. Differential temperature treatments were started at this time. Three 
temperatures, 35°, 45°, and 65° F., were provided in separate control rooms. The 
seedlings of each planting date were divided into three equal lots, and one lot was 
placed in each room. 

While the plants were receiving differential temperature treatment the photo- 
period was continued at 16 hours daily, as it had been during their earlier growth, 
and the quality, duration, and intensity of the light were the same over all lots. 
Although an attempt was made to hold the temperature of the coldest room at 
35^ F. continuously, this was not possible during all of each photoperiod because 
of considerable heat liberated by the lights. During the dark periods the tempera- 
ture was held at about 35° ± 2° F. and during the photoperiods it was always 
less than 45® F. Temperatures of the other two rooms did not deviate more than 
± 2° from 45^ and 65° F., respectively. 

The temperature treatments were continued one week; then the plants were 
transferred to an outdoor area where facilities were available for control of photo- 
period. The plants of each treatment were divided into four groups, and those of 
each group were transplanted in duplicate lots of five to separate photoperiods. 
The plants were placed in boxes of soil 3I feet long, i foot wide, and i foot deep, 
with two rows of five plants in each box. The boxes were mounted on trucks to 
permit movement into and out of darkhouses to control length of photoperiod. 
At the time of transplanting, the various lots were 12, 17, 22, and 27 days old. 

Photoperiods of 12, 16, 20 hours, and continuous light were employed. All 
trucks were removed from the houses at 6 : 00 a.m. daily and returned at 6 : 00 p.m. 
Those on 12-hour photoperiod were placed in darkness at 6 : 00 p.m. but all others 
were subjected to Mazda light inside their respective houses until the desired 
length of photoperiod had been attained. In the 16-hour chamber the lights went 
out at 10:00 P.M.; in the 20-hour chamber they went out at 2:00 a.m.; while in 
the continuous-light room the lights were on from 6:00 p.m. to 6:00 a.m. All lots 
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thus received the same amount of natural light each day but differed in the amount 
of artificial light received. Since the intensity of artificial light, 30-40 foot-candles, 
was very low in comparison with that of natural light, the total amounts of radiant 
energy received by plants on long and short photoperiods did not differ greatly. 

Following transplanting, daily records were made of the number of days from 
planting to awn appearance on the individual plants. These data were recorded 
when the first visible awn emerged from the boot. In the statistical analysis of 
the data these records were grouped into totals per row. The results are reported 
in the tables as means per plant. 

The plants remained under the differential photoperiods until the grain on the 
1 6-, 20-, and 24-hour photoperiods was mature. At this time all the plants 
were harvested, even though those on 12-hour photoperiod were still green and 
making vegetative growth. The roots of the plants were discarded and the entire 
tops dried at 80° C. The dry weight of the tops per lot of five plants was first de- 
termined. The heads were then threshed and the yield of seed determined. 

The treatments in each of the four dark chambers available in the outside area 
were' arranged in duplicate series and randomized within groups. In the analyses 
of the results these two groups were treated as duplicates, although strictly speak- 
ing the photoperiodic conditions were not duplicated. To have duplicated each 
condition would have necessitated a reduction in the number of kinds of photo- 
periodic treatments that could have been conducted. It was felt more desirable 
in this first experiment to retain the four photoperiodic conditions and to assume 
that differences between dark chambers were slight rather than to provide a meas- 
ure of this^ factor through duplication of half as many kinds of treatments. The 
results were subjected to variance analysis and, in the discussion, where signifi- 
cance is attached to any differences reported, the odds were 99 to i or higher. 

The variables studied in the experiment included four planting dates, three 
temperature treatments of i-week duration during the seedling stage, four condi- 
tions of photoperiod during the later development of the plants, and duplicate 
lots throughout. This represents 48 kinds of duplicated treatments, or 96 sepa- 
rate lots. Each lot contained five plants, so the entire experiment required 480 
plants of each variety. 

So many plants were required that space in the control rooms was not available 
to produce extra plants for dissection during their early stages prior to and follow- 
ing the temperature treatments. To determine the approximate condition of the 
seedlings at various ages, another planting was made the following year and used 
exclusively for that purpose and for photographic records. The conditions of light 
intensity, temperature, and photoperiod in the rooms were made identical with 
those in the first experiment. This second experiment was planted on May 6, ii, 
16, and 21, 1941, one day earlier than the 1940 experiment. The same time of 
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year was selected so that plants not needed for dissection could be transferred 
outside under conditions comparable with those of the previous year. The plants 
grown outside in 1941, however, were transplanted to 6-inch pots instead of to 
boxes of soil, to permit regrouping for photographic purposes. All photographs 
shown are from the 1941 experiment. 

After the plants were dissected they were preserved in a mixture of formalin- 
alcohol-acetic acid until they could be photographed. Before photographing they 
were removed from the preservative, washed, and then placed in an aqueous solu- 
tion of methyl green. As soon as the primordia had acquired a deep blue color 
they were ready for photographing. The materiahdid not overstain objectionably 
if it was left in the stain for several days. 

The stained material was photographed under about half an inch of water, 
where it was held in position by a needle inserted in the base of the stem. The 
needle was mounted in a universal joint in such a way that the material could be 
readily rotated in any plane. The whole assembly could be raised and lowered 
with a rack and pinion. Most of the photographs were made at a magnification of 
12 diameters with a 32-mm. micro-Tessar lens mounted in a 5 X 7 camera. The 
primordia were illuminated by two small beams of light directed obliquely down- 
ward at them in such a way that excess light did not illuminate the black back- 
ground at the bottom of the tank. This method of handling the material makes 
possible the collection of many samples in a short time, the photographic records 
being completed as time permits. 

The data include dissection records made at the beginning and end of the tem- 
perature treatments, mean number of days from planting to awn emergence, dry 
weights of mature plants and of seed per plant, and mean number of seeds per 
plant. 

Results 

Under the conditions of these experiments the seedlings of all lots emerged 
from the soil 4 days after planting. The stage of development attained by repre- 
sentative plants of each lot when 5, 10, 15, and 20 days old is illustrated in the 
first column of figure i. Beginning at this time the plants were subjected to three 
different temperatures for one week. At the expiration of the week representative 
plants were again photographed. Those of each planting that had received 7 days 
at 65° F. are shown in the second column of figure 1 ; the ones that received 45° F., 
in the third column; and those that received 35° F. are shown in the last column. 
Corresponding lots of plants held at the two lowest temperatures did not differ 
greatly at the end of a week of treatment. Plants of both lots, however, were defi- 
nitely smaller than those of the lots that had been continued at 65° F. during 
this time. 
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At the time the temperature treatments were started the oldest seedlings had 
formed only five visible leaves. The formation of new structures at the growing 
points of the main axes of these seedlings, however, was already complete. The 
average number of nodes in the main axes of the eight plants dissected was 32.5 
(table i), and in the plants dissected a week later there were no additional struc- 
tures present. 

Plants of the three later plantings had not yet completed the differentiation of 
new structures in their main axes when the temperature treatments were started. 
During the week of temperature treatments all lots continued differentiation, but 
the rate was much greater in the older than in the younger seedlings. By the time 
the temperature treatments were completed all the plants of the second planting 
had practically completed the differentiation of new structures in their main axes. 

TABLE 1 

Effect of low temperature on production of nodes in 

WINTEX BARLEY SEEDLINGS OF VARIOUS AGES. 

Averages based on 8 plants 


Age (in days) at 

BEGINNING OE 

TEMPERATURE 

TREATMENT 

Total 

NODES AT 

BEGINNING 

or TEM- 
PERATURE 

TREATMENT 

Total nodes after 

TREATMENT 

7 days’ 

65° F. 

45° F. 

35° F. 

20 

32.5 

31-4 

32.1 

32.4 

IS 

23.1 

32.3 

31.8 

30.6 

10 . 

9.1 

31,9 

15-3 

12 .6 

5 • 

5-0 

14.7 

7.4 

6.9 


The plants of the 65° lot of the third planting were also nearly complete at this 
time, but the two low-temperature lots of this planting and all lots of the last 
planting had fifteen or fewer nodes per plant when transplanted. 

The beginning of spikelet formation in plants grown continuously at 65*^ F. 
occurred between the tenth and twelfth days (fig. i) . On the tenth day the collar- 
like rudimentary leaves found at the base of the spike were just forming. On the 
twelfth day spikelet primordia were conspicuous at six or more nodes of the racliis 
above these leaves. The rate of development of the young spike proceeded rapidly 
under the conditions of these experiments. Stages of development of representa- 
tive plants grown continuously at 6 f and of the growing points dissected from 
these are shown in the first two columns of figure i . In the first column the plants 
with their growing points were 5, 10, 15, and 20 days old from top to bottom, and 
in the second column they were 12, 17, 22, and 27 days old. 

The most obvious effect of the two low-temperature treatments was to delay 
development of the spikes. In the younger plantings the low temperature delayed 



COLUMN 


COLUMN 2 


Fig i.-Seedlmgs from four successive plantings of Wintex barley grown on i6-hour photoperiods 
and under seyeral conditions of temperature; last planting in top row and first in bottom row. Enlarge- 
ment of terminal of main axis shown at right of seedling from which it was dissected. Seedlings of first 
CO umn 3 10, 15, and 20 days old, respectively, from top to bottom. Seedlmgs of second, third, and fourth 
columns all one week older than corresponding seedUngs of first column. All seedlings grown at 65° F. 
a all times except those of columns three and four, which were transferred to 45° and 35° F., respectively 
one w-eek immediately prior to photographing. Approximate magnifications: all seedlings X-J; enlarged 
head in bottom row of column two X4i; all other terminals Xgi. 
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development of structures already present and retarded the differentiation of new 
ones. In the oldest planting the effect was only upon the rate of growth of pri- 
mordia already established, because differentiation of new organs was complete 
before the low temperatures were applied. The amount of delay appeared approx- 
imately the same under both low temperature conditions (fig. i, columns 3 and 4), 
but dissection data (table i) indicate that it was actually somewhat greater in the 
3S° than in the 45° F. lot. 

After transplanting to the boxes in the outside area, daily records were made on 
the appearance of awns on the main shoots of the individual plants, and photo- 
graphs were made at frequent intervals. The stage of development attained by 
representative plants of the various lots on June 24, 22 days after transplanting, 
is shown in figure 2. At this time awns were visible on the plants of all treatments 
of the first planting and in some the heads had fully emerged from the leaf sheath. 
In the second planting awns were visible in all lots except the two low-temperature 
ones growing on 1 2 -hour photoperiods. In the third planting no awns were visible 
in any of the 35° or 45° lots, but they had emerged in the 16-, 20-, and 24-hour lots 
of the 65° F. group. In the fourth planting at this time awns were visible only on 
the plants grown at 65° on 20- and 24-hour photoperiods. 

The mean number of days* required from planting to awn emergence varied 
with the photoperiod, age of plants, and temperature treatment (table 2) . Of these 
factors, photoperiod produced the greatest effects. Awns appeared first on the 
plants receiving 24-hour photoperiod, and these were closely followed by those re- 
ceiving 20- and 16-hour photoperiods. Awn appearance was delayed most in the 
plants receiving 12-hour photoperiods, particularly in those of the last two plant- 
ings. The plants from these two plantings, with the exception of the 65® F. lot of 
the third planting, had not completed differentiation of all spikelet primordia at 
the time of transplanting. The influence of short photoperiod on these plants could 
therefore affect both their further differentiation and their subsequent develop- 
ment and growth. Since differentiation of spikelets was complete in the plants of 
the first and second plantings and in the 65° F. lot of the third planting, short 
photoperiod affected the time of awn appearance only through its effect upon the 
growth and elongation of these previously differentiated structures. The char- 
acter of growth of the plants receiving 12-hour photoperiods differed from that 
of the plants receiving 16-, 20-, or 24-hour photoperiods in that none of the elon- 
gating shoots ever grew completely erect and most of them were extremely pros- 
trate. These plants formed many more tillers than those on the longer photope- 
riods, and although they produced spike primordia most of these tillers failed to 
elongate. 

Awns emerged later in all plants that had received a week of low temperature 
during the seedling stage than in plants of similar lots grown continuously at 
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65° F. The effects of low temperature treatments on the time of awn appearance 
were correlated with the influence of these treatments in retarding the differentia- 
tion and development of the spikelet primordia previous to transplanting (fig. i). 
When seedlings were transplanted to various long photoperiods these early-in- 
duced differences did not result in great variations in the date of awn emergence, 
but when they were transplanted to 12-hour photoperiod the date of awn appear- 
ance was delayed. This delay was greater the later the planting. 

TABLE 2 

Effect of various environmental factors on mean number of days from 

PLANTING TO APPEARANCE OF AWNS IN WiNTEX BARLEY. 

Averages based on 10 plants 


Age (in days) of 

PLANTS WHEN DIFFEREN- 
TIAL TEMPERATURES 

WERE APPLIED (GROWN 
AT 6 S® F. ON 16 -HOUR 
photoperiod) 

Temperature 

APPLIED FOR 

7 DAYS B^ST 

PRIOR TO 

TRANSPLANTING 

(-^F.) 

Age of plants 

WHEN TRANS- 
PLANTED TO 

DIFFERENTIAL 

PHOTOPERIODS 

AND NATURAL 

TEMPERATURES 

Days frc 

UNDEB 

1 2-HOUR 

DM PL.ANTIN( 

DIFFERENT 

16 -HOUR 

TO AWN E 

IAL PHOTOPI 

20 -HOUR 

MERGENCE 

:riods 

24 -HOUR 

20 

65 

27 

3 S-I 

35-2 

35-1 

35-0 

IS 

65 

22 

36.7 

32.8 

31.8 

31-9 

10 

65 

17 

41 .6 

31.8 

31.0 

31 -0 

5 

65 

12 

46.8 

32.0 

30,6 

30.2 

20 

45 

27 

39-2 

36.6 

36.1 

35-5 

15 

45 

22 

47.1 

37.6 

36.2 

36.1 

10 

45 

17 

57-7 

36.9 

35-5 

35-2 

s 

45 

12 

64.9 

36-3 

33 5 

32.4 

20 

35 

27 

39-9 

36.4 

36.4 

36.2 

15 

35 

22 

45-5 

36.8 

36.0 

36.0 

10 

35 

17 

56.5 

38.0 

35-7 

35-8 

5 

35 

12 

78.7 

370 

33-7 

33-4 


The actual dates of awn appearance naturally varied from one planting to an- 
other. When the time of awn appearance was calculated from the time of plant- 
ing, however, these differences were not great for any except the 12-hour photo- 
period. The younger the plant when treatments were applied, the greater the re- 
tardation resulting from 12-hour photoperiod. 

The mean dry weights of the plants were correlated with the photoperiods to 
which they were subjected after transplanting. The plants grown on 12-hour 
photoperiod were much heavier than those of any of the other lots (table 3) . These 
plants produced no grain, in contrast to those grown on 16-, 20-, and 24-hour 
photoperiods. Their additional weight was due to the greatly increased leaf area 
resulting from the continued production of tillers throughout the entire growing 
season. Of the groups that produced grain, the 16-hour photoperiod was the most 
favorable for production of dry weight and the 24-hour photoperiod the least fa- 
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Fig. 2.— Wintex barley plants grown under three conditions of temperature and 1 6-hour photoperiod 
before transplanting, then shifted outside to prevailing temperatures and four different photoperiods. 
Plants from left to right in each group of four plants received 12-, 16-, 20-, and 24-hour photoperiods, 
respectively, after transplanting. Top row planted May 21, second row May 16, third row May ii, and 
ourth row May 6, 1941. All transplanted June 2, During week preceding transplanting, plants of first 
column received temperature of 65° F., those of second column 45° F., and those of third column 35“ F. 
At all other tunes prior to transplanting all seedlings received 65° F. Photographed June 24, 1941.' 
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vorable. The differential temperature treatments applied before transplanting 
caused no significant differences in the accumulation of dry weight. The age of 
plants was not a factor in this respect since the plants were not harvested until 
the grain was mature. 


TABLE 3 

Effect of various environmental factors on mean dry 

WEIGHT PER PLANT IN WiNTEX BARLEY. AVERAGES 
BASED ON lO PLANTS 


Age (in days) of plants 

WHEN DIFFERENTIAL 

TEMPERATURES WERE 
APPLIED (grown 

AT 65° F. ON 16-HOUR 
PHOTOPERIOD) 

Temperature 

APPLIED FOR 

7 DAYS JUST 

PRIOR TO 

TR^VNS- 

PLANTING 

(°F.) 

Me.'VN dry weight in grams per pl.ant 

OF LOTS UNDER DIFFERENTIAL 

PHOTOPERIODS 

I 2 -HOUR 

16-HOUR 

20-H0UR 

24-HOUR 

20 

65 

9.4 

3-7 

4.1 

3-4 

•IS 

65 

10.2 

6.3 

4.1 

4,0 

10 

65 

12.4 

6.1 

6.8 

5-7 

5 

65 

18.2 

6.0 

5-5 

4-5 

20 

45 

II . 2 

3-7 

4-7 

4.6 

15 

45 

12.8 

6.3 

5-8 

5 . 1 

10. 

45 

15-2 

6-5 

5-6 

4.8 

5 

45 

139 

6.3 

5-9 

4.1 

20 

35 1 

9.7 

4.1 

4-5 

3.5 

15 

35 

10.5 

5.0 

4.0 

3-4 

10 

35 

II . 9 

5-2 

4-3 

3-5 

5 ' 

35 

12.5 

5-6 

i 

4-3 

1 3-5 


TABLE 4 

Effect of photoperiod when applied to plants of various 
AGES on mean number OF SEEDS PER PLANT OF WiNTEX 
BARLEY. Averages based on io plants 


Mean no. of seeds per pliant from lots trans- 
planted TO DIFFERENTIAL PHOTOPERIODS 


Photoperiod 



12 DAYS 

j 

1 7 DAYS 

2 2 DAYS 

27 D.AYS 

16-hour 

71 1 

60 

S8 

36 

2o-hour 

50 1 

52 

41 

41 

24-hour 

31 1 

38 

29 

33 


The number of seeds per plant was influenced by the length of photoperiod re- 
ceived after transplanting and by the age at time of transplanting, but not by the 
temperature treatment received prior to transplanting (table 4) . The plants re- 
ceiving 16-hour photoperiods produced the most grain while those receiving 24- 
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hour photoperiods produced the least; and the younger the plant at the time of 
transplanting the greater the yield. This fact was also true for the weight of grain 
per plant. Since these data show the same trends as those for number of seeds per 
plant, they are not presented. 

Discussion 

In barley and other cereals, differentiation of many of the structures found in 
the mature plant occurs during the first few weeks of seedling development. The 
rate of differentiation of these structures and the kind of structures found are both 
influenced by various environmental factors, including photoperiod and tempera- 
ture. Even slight variations in length of photoperiod or germination temperature 
may result in the formation of different numbers of leaves before the initiation of 
spikes occurs. Differences in temperature also result in different rates of develop- 
ment. For these reasons different lots of plants that are not grown under con- 
trolled conditions seldom attain the same development at any given age. 

In these experiments the conditions of growth prior to the time of transplanting 
were controlled and therefore reproducible at any time. The plants made vigorous 
growth and formed primordia of spikelets early in their development. The seed- 
lings were all grown on a 16-hour photoperiod, and those held continuously at 
65° F. completed the differentiation of all the nodes of the main axis 17 days after 
planting. The first primordia of spikelets were formed at the seventh or eighth 
nodes in nearly all plants. Since three or four of these nodes were present in the 
ungerminated seed, and one or two additional ones were formed before the seed- 
lings emerged from the soil, it is evident that conditions favoring early spike for- 
mation approached the optimum. 

Wintex barley resembles spring types in that it is capable of heading without 
the application of temperatures lower than 65° F. at any time during its develop- 
ment. The effects of the low temperatures applied to Wintex barley in these ex- 
periments were manifested through retarded growth rates rather than through 
after-effects of temperature typical of winter varieties. This retardation in growth 
as seen in the spike primordia (fig. i) was very evident before the plants were 
transplanted to different photoperiods. Under each of the three lengths of photo- 
period favorable to early heading these differences induced by low temperature 
were much less conspicuous by the time of awn emergence (table 2) than they 
appeared to Be at the time of transplanting (fig. i). Under a 12-hour photoperiod, 
which was less favorable to early heading, the retardations visible in the seedlings 
at the time of transplanting became still greater during the later development of 
the plants. 

The awns of plants receiving 12-hour photoperiods appeared later than those 
of plants subjected to the other three photoperiods. This difference was slight in 
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the first planting but progressively greater in the later ones. This is to be ex- 
pected, since the 12-hour photoperiod was applied to the late-planted seedlings 
earlier in their development, at a time when it could affect their differentiation as 
well as their growth. It is in this way that the chief influence of low temperature 
was expressed : it retarded the development of the seedlings so that when they 
were transferred to short photoperiods they were in an earlier stage of differentia- 
tion than others of the same age that had received no low temperature. Short 
photoperiod was therefore applied to them when they were in still earlier stages 
of differentiation; and its retarding influence upon awn emergence, acting upon 
the plants through a longer period of their development, served further to increase 
the original difference caused by the temperature treatment. 

The differences resulting from photoperiodic treatments applied in these ex- 
periments are to be attributed to the influence upon the plants of supplemental 
light of relatively low intensity. Each photoperiod, regardless of length, contained 
12 hours of natural light per day, so the main source of radiant energy was identi- 
cal in all lots. The differences in length of photoperiod were the result of adding 
supplemental Mazda light of less than 40 foot-candles. Even when this supple- 
mental light was used 1 2 hours per day, the total energy supplied was exceedingly 
small in contrast to that supplied by the 12 hours of natural light each day. 

The greatest differences resulting from photoperiodic treatment occurred be- 
tween the 12- and 16-hour lots. The 16-hour ones headed rather uniformly early 
in all plantings. The 12-hour lots headed nearly as early in the first planting but 
required progressively more time in each successively later planting. Although 
awns eventually appeared on every 12-hour plant in the experiment, none of these 
plants produced a single fertile seed. On the other hand, the plants of the 16-hour 
lots were all fertile and the heaviest yields of grain came from this photoperiod. 
These differences resulted from the presence or absence of approximately 40 foot- 
candles of Mazda light during 4 hours per day. 

From these results it seems probable that still lower intensities might have been 
equally effective in promoting heading and subsequent maturation of seed. More 
detailed experiments concerning this point are under way. 

Summary 

I. Four lots of barley seedlings were grown on 16-hour photoperiod to ages of 
5, IQ, 15, and 20 days, respectively, at 65° F. Each lot was then divided into three 
groups and all were grown for another week under the same conditions of light 
and photoperiod. One group of each lot, however, was continued during the week 
at 65^ F., one was transferred to 45° F., and the third to 35° F. The plants were 
then removed from the control rooms and transplanted out of doors for final dif- 
ferential photoperiodic treatment. 
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2. At the beginning and end of the temperature treatments representative 
plants from each lot were photographed and dissected. The total number of nodes 
in the main axis of each was determined, and enlarged photographs of the termi- 
nals of the main axes were made. 

3. Ten plants from each age and temperature group were subjected to 12,- 
16-, 20-, and 24-hour photoperiods after they were moved outside and remained 
on these photoperiods at natural temperatures for the duration of the experiment. 

4. Number of days from planting to awn emergence was determined. At ma- 
turity the dry weights of the tops and of the grain were also determined, and 
counts were made of the number of seeds per plant. 

5. Delay in awn emergence resulted from 12-hour photoperiod; the younger the 
seedling at the time of transfer to this photoperiod the greater the delay. Delay 
in awn emergence resulted from low temperature applied during the seedling stage. 
The greatest delay occurred when the youngest seedlings were subjected to a 
week of low temperature and were subsequently grown on 12-hour photoperiods. 
Typical temperature after-effects were not observed; the influence of low tem- 
perature was expressed through its effect on the growth rate while it was being 
applied. 

6. The plants receiving 12-hour photoperiod did not produce a single fertile 
seed, but they produced more dry weight than the lots receiving longer photo- 
periods. The 1 6-, 20-, and 24-hour photoperiods resulted in lighter plants but all 
were fertile. Among these three lots best yields in number and weight of seed 
were obtained from plants on 16-hour photoperiod. 

7. The differences resulting from the photoperiodic treatments have been at- 
tributed to the influence upon the plants of low-intensity supplemental light. 

U.S. Horticultural Station 
Beltsville, Maryland 
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EFFECT OF NUTRITION AND AGE UPON RATE OF DEVELOP- 
MENT OF TERMINAL STAMINATE INFLORESCENCES 
OF XANTHIUM PENNSYLVANICUM 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 533 
AUBREY W, NAYLOR 
(with three figures) 

Introduction 

Attention has recently been called to the effect of a number of environmental 
factors on floral initiation in soybean {Soja max) and cocklebur {Xanthium penn- 
sylvanicum). These studies have been, for the most part, designed to determine 
the effect of (a) photoinductive cycles longer than 24 hours (16) ; (6) high and low 
temperatures during the photoinductive cycles (2) ; and (c) light intensity previ- 
ous to, during, and after the photoinductive cycle — on floral initiation without re- 
gard to subsequent development. Some data, however, are given concerning the 
rate of development subsequent to initiation (6, 10, 13, 16). In practically all 
cases, however, the photoperiods employed were considerably above the critical. 

Although some work has been done to determine the effects of different types 
of environments on the critical day length, few data are available on rate of de- 
velopment subsequent to photoinductive cycles near the critical. Temperature 
during the dark period, humidity, and light intensity were each found by Long 
(10) to be important factors in altering the critical day length of X. pennsylvani- 
cum. Also in Rudbeckia bicoloVy a long-day plant, increase in temperature from 
25"^ to 28.3° C. resulted in decrease in the critical day length (17). 

The present work deals with the effect of nutrition and relative age of leaf 
tissue on the initiation and rate of development of floral primordia subsequent 
to treatments with photoinductive cycles at the critical and above. 

Material and methods 

The experiments reported here were performed in the University of Chicago 
greenhouses during the spring and summer of 1939. Burs of Xanthium pennsyl- 
vanicum were collected in Chicago during the autumn of 1938 and stored out-of- 
doors until early in 1939. In February they were dried and kept inside until 
shortly before use. Then the seeds were removed from the fruit, nicked slightly to 
rupture the seed coats, and planted. In all cases the seeds were germinated in flats 
on well-lighted greenhouse benches where supplementary illumination of about 
100 foot-candles was supplied from shortly before sunset to 2:00 A.M. by Mazda 
filament lamps. Young seedlings, after attaining 4-6 inches in height (except in 
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the nutrition experiment), were transplanted to 3|“inch clay pots. In the nutri- 
tion experiment the seeds were germinated in sand and the plants transferred to 
small glazed crocks filled with sterile sand, two plants being used in each crock. 
After transplanting, all plants were maintained on long photoperiods (18-20 
hours of light and 6-4 hours of dark) until experimental treatment was begun. 

Inasmuch as the soil was rapidly leached by the application of tap water twice 
daily, it was found necessary to add a complete nutrient solution at frequent inter- 
vals to prevent the plants from showing deficiency symptoms. This nutrient also 
served as the basic solution (table i) for the nutrition experiment. 

TABLE 1 

Concentration of constituents of complete and 

DEFICIENT SOLUTIONS AS APPLIED TO THE PLANTS 


Solution 


Complete nutrient. 


Minus nitrogen 

Minus potassium. , 
Minus phosphorus 


Constituents of solutions 


'Ca(N03)2 0.006 molar 

KH2PO4 0.0045 molar 

MgS04 0.004s molar 

;B(H3B03) 0.5 p.p.m. 

\Fe as ferric citrate. . . . i cc. o . 5% solution/liter 

MnCla 0.5 p.p.m. 

CuCh 0.125 p.p.m. 

ZnCh 0.5 p.p.m. 

CaCh substituted for Ca(N03)2 
NaH2P04 substituted for KH2PO4 
KCl substituted for KH2P04 


Stock plants were dissected at frequent intervals to make certain that all were 
vegetative. At the time of harvest the terminal inflorescence primordia were arbi- 
trarily classified into seven different stages of development, varying from the vege- 
tative bud to barely submacroscopic inflorescences. This classification is similar 
to that used by Mann (ii). 

Procedure and results 

Effect of mineral nutrition and length of dark period upon 

INITIATION AND DEVELOPMENT OF INFLORESCENCE PRIMORDIA 

Previous experiments (7) have shown that under ordinary greenhouse condi- 
tions of summer, X. pennsylvanicum requires at least 8| hours of darkness out of 
24 before it will initiate floral primordia. Inasmuch as mineral nutrition exerts 
considerable effect on development subsequent to initiation, this experiment was 
designed to determine the effect of low nitrogen, low potassium, and low phos- 
phorus on ability to initiate floral primordia and the rate of their subsequent de- 
velopment. 

On June 8, seeds were planted in washed quartz sand which was watered peri- 
odically with nutrient solution. After germination, when the seedlings were ex- 
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Fig. I. — Effect of mineral nutrition and number of hours of darkness out of 24 on rate of terminal 
inflorescence development. 

framework chambers where conditions of long photoperiod were maintained. Dis- 
tilled water was added for 3 successive days. At that time the plants appeared tc 
be in excellent condition. 

On June 26, four different types of nutrient solutions were given to each of foui 
different groups of plants in each of the chambers. The four groups (ten plants 


panding their first leaves (June 23), selections were made for uniformity in vigor 
and development. Two of these young plants were placed in each small crock and 
the sand thoroughly watered. Twenty crocks were placed in each of the small 
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each) received complete, ~N, — K, and — P solutions until the end of the experi- 
ment. Characteristic deficiency symptoms were beginning to develop when short 
photoperiod treatment was begun. Starting with July 12, dark periods of the fol- 
lowing duration were given in the chambers: 8, 8|, 9, 91, 10, 10 and 16 hours. All 
plants received 8 hours of daylight. The plants were then darkened and supplied 
in six of the compartments with Mazda filament light of approximately 100 foot- 
candles at the leaf surface, the length of the light period being automatically con- 
trolled by time clocks. In the seventh compartment no supplementary light was 
used. The plants were harvested 17 days later when floral primordia were macro- 
scopic in the 8-hour photoperiod plus i6~hour dark period group. 

The results of this experiment are shown in figure i. No figures are given for 
the unit which provided only 8 hours of darkness because all plants were strictly 
vegetative. Of the units which received 9I or more hours of darkness, none had 
any strictly vegetative plants; and there was only one among the 9-hour group. 

Plants which received complete nutrients and —K had almost completely 
formed inflorescences if they were subjected to 8| or more hours of darkness out 
of 24. The plants which developed next in rapidity were those low in nitrate; in- 
florescence primordia of plants deficient in nitrogen, however, developed as rap- 
idly as any others when they had 9I or more hours of darkness. Those plants 
showing the slowest rate of development in relation to length of the dark period 
were those low in phosphorus. Even these plants produced flower primordia as 
completely developed as under any other condition, provided the length of the 
dark period was 10 or more hours out of 24. Thus although mineral nutrition ap- 
parently does not alter the critical day length of A. pennsyhanicum, it does alter 
to varying degrees — ^depending upon the number of hours of darkness received — 
the rate of development of the staminate inflorescences. 

Critical day length of old and young leaves 

In a preliminary experiment with 2-month-old plants, none of the leaves were 
removed. In this instance the leaves selected for experimentation were of two 
kinds. Half the plants had their first fully expanded leaf, while the other half 
had one of their very slightly yellowing leaves selected for experimentation. Tops 
of cardboard cans, painted on the outside with aluminum paint and on the inside 
with a flat black paint, were slit to the center where a larger opening was made to 
fit the petiole. The can top was then inserted over the desired leaf of any one 
plant and tacked firmly to a wooden arm projecting from a right-angle stand. 
All cut openings were then sealed with adhesive tape or molding clay. The re- 
mainder of the can was placed over the leaf blades to provide dark periods varying 
from 8 to 12 hours out of 24. This single-leaf treatment was continued for 4 days, 
while the remainder of the plant was on long photoperiod. Subsequently the en- 
tire plants received long photoperiods. Dissections made of the terminal bud 5 
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weeks later indicated merely developmental trends but did not show great uni- 
formity in any one treatment. The indications, however, were that younger leaves 
could bring about floral induction with shorter dark periods than could older 
leaves. Also, plants having their young leaves subjected to short photoinductive 
cycles flowered more vigorously than those having their older leaves so treated. 

From this and other experiments (3, 7) it appears possible that the presence of 
leaves other than those being induced may exert some effect upon the degree of 
floral response, and that inequalities in area and number of leaves could bring 
about lack of uniformity in response. Accordingly, an experiment was designed 
in which all leaves except the one being tested were removed from the plant. 

The plants used in this experiment differed from the first in that they were 7 
weeks old at the beginning of treatment. Photoperiodic treatment was secured 
by means of the small chamber and time-clock control system previously de- 
scribed. Two types of controls were employed to determine the effect of different 
photoperiods on leaf primordia and stems. These consisted of completely defoli- 
ated plants in each of the seven chambers and plants maintained on long photo- 
period continuously. The different groups of plants received 8 hours of natural 
daylight plus sufficient Mazda filament illumination to provide photoperiods of 
9, 13I, 14, 14I, 15, 15I, and 16 hours out of 24. Treatment was continued for 4 
days, the plants then being transferred to long photoperiod, where they remained 
throughout the experiment. 

Data given in figure 2 show that the critical dark period for old leaves lies be- 
tween io| and 1 5 hours, whereas for young leaves it was 9 hours. Thus the young 
leaves appeared to be much more sensitive to photoinductive treatment than the 
older ones. Rate of development subsequent to initiation, however, seemed to be 
directly related to length of the dark period. Figure 2 shows that as the dark- 
period treatment increased the average stage of inflorescence development at the 
time of harvest was more advanced. 

A possible explanation for the flowering of two plants which received 9 hours 
of darkness is that the rapidly expanding leaf primordia enlarged sufficiently dur- 
ing experimental treatment to become photoperiodically sensitive. Because the 
leaves sometimes expanded sufficiently in a day’s time to become photoperiodi- 
cally sensitive, it was necessary to remove the older primordia daily. 

Efeect of age of leaves on number of photoinductive cycles 

REQUIRED FOR INDUCTION 

In the first experiment, performed to determine the number of photoinductive 
cycles a single leaf required in order to bring about flowering, not more than one 
of the leaves was removed from the plant. Inasmuch as the cardboard-can method 
previously described was being used, it was occasionally necessary to remove one 
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leaf in order to prepare the expanded leaf for short photoperiod treatment. No 
strict attempt was made to use either very young or very old leaves ; those selected 
were about midway between the two ages. The twenty plants thus prepared 
were subjected to four different treatments. Groups of five plants each received 
I j 2, 3, or 4 photoinductive cycles consisting of 9 hours of light and 15 hours of 
darkness. After these treatments the entire plants were left on long photoperiod 



Figs. 2, 3. — Fig. 2 (left), effect of age of leaves of plants which had all except (A) single young leaves 
and (B) single old leaves removed on rate of development and number of hours of darkness out of 24 
required to bring about floral initiation. Fig. 3 (right), rate of floral development of plants which had 
(A) all except one young leaf removed before the experiment began; (B) single young leaf exposed to 
short photoperiod, no leaves being removed; (C) all except one old leaf removed before the experiment 
began; (D) single old leaf exposed to short photoperiod, no leaves being removed. 

until one month later. At that time dissection of the terminal buds showed that 
with one exception the only plants having inflorescence primordia were those 
which had a single leaf exposed to four photoinductiye cycles. 

This experiment was followed on June 14 by another in which all the leaves 
except the first expanded one were removed. Twenty plants were so treated; five 
which served as controls had all leaves removed. All plants were placed on a 
truck to receive 9 hours of light followed by 15 hours of darkness. At daily inter- 
vals during the treatment five plants with single leaves were removed from the 
truck and returned to long photoperiod benches. The defoliated controls, to- 
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gether with the rem.aining five experimental single-leaved plants, were returned 
to long photoperiod benches following the fourth photoinductive cycle. During 
the short photoperiod treatment, expanding leaf primordia were not permitted to 
enlarge beyond i sq. cm. before being removed. 

Twenty-six days after the start of the experiment dissections were made. At 
that time it was found that three of five plants receiving only one photoinductive 
cycle had flower primordia; four of five plants receiving two photoinductive cycles 
had flower primordia; all other plants receiving a greater number of photoinduc- 
tive cycles were flowering. 

Because of the apparent differences in behavior of the different aged leaves just 
noted, an experiment was performed, first to determine the number of days re- 
quired for induction of old and young leaves when all leaves were present and 
second to determine the number of days required for induction when only the 
individual leaves being tested remained on the plants. 

For the first part of the experiment eighty uniform vegetative plants were se- 
lected and divided into two equal groups. The first fully expanded leaf was se- 
lected in one of these groups and old but not yellowing leaves were selected in the 
second. Triple-thickness black sateen cloth bags were placed over individual 
leaves at 5:00 p.m. and removed at 8:00 a.m. In order that the bags might not 
injure the leaves, a thin cane was placed in each pot at such an angle and trimmed 
to such a length that when the bag was placed over it the open end of the bag 
reached the base of the petiole. As further precaution against injury, and for 
stability, the petiole was bound to the cane. After placing the bag over the leaf 
and end of the cane, its open end was closed around the petiole with a rubber 
band. Photoinductive cycles were supplied units of ten plants each for i, 2, 3, 
or 4 days in both of the age groups. After each unit had received the specified 
number of photoinductive cycles, the entire plant was maintained on long photo- 
period. 

Thirty-three days after the experiment was begun dissections were made. The 
plants which had single young leaves exposed to photoinductive cycles for only 
one day showed very slight primordial development ; those which received a greater 
number of days of induction showed progressively advanced stages (fig. 3). For 
the most part, the plants which had had single old leaves exposed to photoinduc- 
tive cycles were vegetative. None of the plants which had leaves receiving i, 2, 
or 3 days of treatment showed any indication of change from the vegetative state, 
and of those receiving 4 days of treatment only one was definitely producing 
flower primordia while five others had growing points only slightly changed from 
the vegetative condition (fig. 3), 

In the second experiment, 120 plants were selected for uniformity and placed 
on a short-photoperiod truck. Of these plants, forty were defoliated except for 
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the first expanded leaf ; forty others were defoliated except for an old leaf ; controls 
consisted of twenty completely defoliated and twenty undefoliated plants. Units 
of ten plants from each of the single-leaved groups were removed to long photo- 
period conditions following each photoinductive cycle. Ten of the undefoliated 
controls were removed after the second and fourth cycles. 

When the plants were harvested 39 days after the experiment began, four of 
the plants which had a single young leaf exposed to one photoinductive cycle had 
slightly submacroscopic flowers, four others showed younger stages, and two were 
vegetative. Those whose leaves received two and three photoinductive cycles all 
had slightly submacroscopic inflorescences, while those receiving four were macro- 
scopic (fig. 3). In contrast, of those plants which had only one old leaf exposed 
to photoinductive cycles, none receiving one or two cycles produced flower pri- 
mordia, only one of ten receiving three cycles showed flower primordia, while all 
those receiving four cycles had nearly macroscopic inflorescences. All the defoli- 
ated controls were vegetative; but of those which had not been defoliated half 
those receiving one photoinductive cycle had visible inflorescences, the others 
being almost macroscopic. All those which received two photoinductive cycles 
had well-developed inflorescences. 

Discussion 

Considerable work has been done to determine whether flower formation is 
definitely associated with any one of the mineral elements known to be important 
in other phases of development. As a result of work with monoecious and dioecious 
plants, it has been shown that nutrition does affect the degree and direction of 
floral expression. Tibeau (19) found that hemp responded to high nitrogen con- 
ditions by producing pistillate flowers, while if only a small amount of nitrogen 
was available his plants were entirely staminate. There is also evidence that highly 
localized concentrations of nitrogen exert marked effects on development of stami- 
nate and pistillate structures of tomato (8), corn, cucumber, and watermelon 
(12, 20, 18). In addition, Neidle (14) has shown that the proportion of stami- 
nate and carpellate heads of X. pennsylvanicum is dependent upon the carbo- 
hydrate-nitrogen relation of the plant and the number of photoinductive cycles 
received. That other elements may exert some influence upon the development 
of flowers has been suggested by Combes (4). There is, however, little evidence 
to support the theory that floral initiation in photoperiodically sensitive plants 
results directly from conditions of mineral nutrition. Yet the direction and degree 
of subsequent development are iii most instances markedly affected. This is true 
also for the tomato, a day-neutral plant, which initiates floral primordia under ex- 
tremely wide ranges of carbohydrate and nitrogen supply, although subsequent 
floral and fruit development are sharply limited by the same f aetors (9) . 
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In the work reported here, it has been shown that even though there was a 
very low supply of nitrogen, potassium, or phosphorus available, the critical day 
length of X. pennsyhanicum was unaffected. The rate of development of these 
primordia, especially near the critical photoperiod, depended to a considerable 
degree upon both phosphorus and nitrogen. The detrimental influence of low sup- 
ply of these elements on rate of development was overcome, however, by increas- 
ing the length of the daily dark period. With increase in the dark period there 
was an increasing tendency for all primordia to develop at the same rate. Thus 
if optimum conditions of light and darkness (lo hours of light plus 14 hours of 
dark) are suddenly imposed, the effect is at least twofold: (a) an initiation of the 
flower-promoting stimulus and (6) mobilization of both food materials and nu- 
trients at the terminal growing point, even in plants low in nitrogen, phosphorus, 
or potassium, in sufficient quantities for the rates of development to be approxi- 
mately the same. Nightingale (15) has previously shown with tomatoes that, 
even if they are grown with a nitrogen-free solution, the amount of soluble nitro- 
gen increases if the plants receive long dark periods. This indicates that there 
may be reutilization of nitrogenous compounds within the plant. Under conditions 
of increasing dark periods the amount of soluble nitrogen present at the growing 
tip of a nitrogen-deficient plant would be expected to increase, with the result that 
the flowers would grow more rapidly. While it may not necessarily be true that 
phosphorus- and potassium-containing complexes would under similar conditions 
of increasing darkness be reutilized, the increasing rate of growth of the cells at 
the apex when the dark period is increased indicates that this is true. 

In addition to nutrition, the age and size of the plant may be effective factors 
in altering response to photoperiodic treatment. Borthwick and Parker re- 
ported (i) that flower primordia may be produced at more nodes of older than 
younger soybeans up to the age of 6 weeks. Moreover the individual leaves pos- 
sess varying capacity for bringing about the flowering response. Their subsequent 
investigations have shown that any expanded leaf on a Biloxi soybean plant sub- 
jected to photoperiodic stimulation is able to cause the formation of flowers at 
the growing points. In these experiments (3) they found that — on the basis of 
the number of flowers produced — ^the young leaf rapidly increases in ability to 
stimulate floral initiation until it is fully expanded. Subsequently its capacities to 
bring about such a response decrease. 

While considerable information is available to indicate that growth-regulating 
substances are produced in relatively young tissues, there is little evidence to show 
the effects of aging of tissues on their production. Data presented here indicate 
that old leaf tissue dees not bring about nearly as rapid production of the stimulus 
to floral initiation as do young leaves. There is also some evidence that the 
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presence of older leaf tissue may have an inhibitive effect upon the rate of develop- 
ment of inflorescence primordia. 

It was found that if there are no intervening leaves between the leaf being in- 
duced and the stem-tip inflorescence, development proceeds rapidly. On the other 
hand, in the presence of leaf tissue other than that subjected to photoinductive 
treatment there is a sharp reduction in the rate of inflorescence development. 
These findings may be interpreted in at least two ways. It is possible that the 
flower-promoting substance is destroyed in the stem or leaves, but equally likely 
that there is a general movement of the stimulus into all leaf tissue, thus permit- 
ting little of the stimulus to reach the growing tip. If the stimulus is diverted 
into the leaf tissue and not destroyed, we should expect the axillary buds to de- 
velop into flower primordia. In X. pennsylmnicum, however, the terminal in- 
florescence develops even before the axillary bud in the axil of the induced leaf. 
Development of axillary buds usually occurs only after the terminal inflorescence 
is produced. Inflorescences are produced progressively downward from the stem 
tip (13). Usually the lowest axillary buds do not produce fertile flowers. 

In these experiments no evidence was found to support the viewpoint of 
Cholodny (5) that the flower-promoting stimulus is autocatalytic in action. In 
every instance it was found that, up to a certain number of photoinductive cycles 
— depending upon the age of the leaves and the number of leaves present — the 
rate of development depended upon the number of photoinductive cycles given. 
Hamner’s work with soybean (6) demonstrated that the number of flowers pro- 
duced was almost directly proportional to the number of photoinductive cycles 
given. Thus rate of development and amount of inflorescence development appear 
to be dependent upon the amount of stimulation given through photoinductive 
cycles rather than upon continuous autocatalytic formation of the flower-promot- 
ing stimulus subsequent to its initiation. 

Summary 

1 . Xanthium pennsylvanicum plants low in phosphorus, potassium, and nitrogen 
had the same critical day length as plants supplied with a nutrient solution con- 
taining all these elements. 

2. Rate of development of terminal inflorescences of —N, — K, and —P plants 
was considerably affected at photoperiods near the critical. Lack of phosphorus 
decreased the rate of development more than lack of either nitrogen or potassium; 
and lack of nitrogen resulted in slower development than lack of potassium. 

3. With each half-hour increase in length of the dark period from 8| to io| 
hours there was an increasing tendency for the plants low in phosphorus, nitro- 
gen, or potassium to develop at the same rate as the plants grown with a non- 
deficient solution. Thus it appears that by increasing the length of the dark period 
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the detrimental effect of mineral deficiency on rate of development of floral pri- 
mordia may be overcome. 

4. Age of leaf tissue definitely affects the critical day length. The first fully 
expanded leaf had a critical dark period of 9 hours, whereas in the older leaves it 
was between iO”| and 15 hours. Rate of development subsequent to initiation was 
dependent on the length of the dark period. 

5. Single young leaves may bring about induction to flower if given only one 
photoinductive cycle, but the flowering response is more pronounced if more 
cycles are given. Four photoinductive cycles brought about as rapid rate in in- 
florescence development in the plants defoliated except for one leaf as two cycles 
in the undefoliated plants. Old leaves, on the other hand, required four photo- 
inductive cycles to bring about a change from the vegetative state. 

6. The data substantiate the theory that the presence of leaf tissue other than 
that being photoperiodically induced decreases the effectiveness of the flower- 
promoting stimulus in bringing about floral initiation and the subsequent rate of 
development. 

Department of Botany 
University of Chicago 
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MORPHOLOGICAL STUDY OF AGAVE LECHUGUILLA 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORx\TORY 634 

ALVIN R. GROVE 
(with thirty-eight figures) 

Introduction 

SxENAR (6) has compiled much of the literature of the Amaryllidaceae published 
previous to 1925. His discussion of the Agavoideae is brief, and much of his in- 
formation is based on Ernst’s work on Fourcroya cubensis. Schaeener (3) and 
OsTERHOUT (2) have reported some work on pollen development, with special em- 
phasis on the cytological investigation of microspore mother cell divisions and 
chromosome counts. Schnare (5) discusses in some detail the reproductive habits 
of some genera of the Amaryllidaceae, but statements concerning the genus Agave 
are meager and based again in large part on Ernst’s work on Fourcroya. Schlim- 
BACH (4), in discussing the Amaryllidaceae, makes general reference to the family 
but does not present details concerning Agave. Goebel (i) makes several short 
references to this genus, speaking in particular of its hollow style and the develop- 
ment of a multilayered endothecium in A. americana. 

The research reported here includes studies of the origin and development of 
the floral organs and their relation to the axis and bracts which become involved 
in such development; the vascular anatomy of the flower; the development of the 
ovule; megasporogenesis and megagametogenesis; and the development of the 
anther. No effort has been made to count the chromosomes or to make a cytologi- 
cal investigation of the nuclear divisions. The present investigation started with 
actual flower formation, but much growth of the flowering axis has already pre- 
ceded this stage. Elongation of the axis from the center of a basal rosette of foliar 
leaves is the first indication of flowering. This stalk elongates rapidly and may 
reach a height of many feet before recognizable flowers appear. The material 
studied was collected from the tip of this axis after its elongation had taken place. 

Material and methods 

Material of Agave lechuguilla Torr. was collected in the fi.eld near El Paso, 
Texas, May 7, 1939, and June i, 1940, and also at Alpine, Texas, May 5, 1939. 
Flowers and developing fruits were dissected from healthy plants and were killed 
and fixed in Sax’s modification of Navashin’s solution. The material was separat- 
ed into approximately twenty age groups, from tips to oldest fruits, and later sec- 
tioning was done on random samples from these groups. Treatment was according 
Botanical Gazette, vol. 103] [354 
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to the paraf&n method, and sectioning was at 3-15 /x. Flemming’s triple stain and 
light green and safranin were employed. At the time that material was fixed for 
sectioning, other material was killed in formalin-acetic-alcohol and used for gross 
study. 

Observations 

Origin and development op flower 

The first evidence of floral development is the appearance of a single branch 
primordium in the axil of each bract, referred to here as the outer bract, diverging 
from the main axis of the plant (figs, i, 7). Before appreciable elongation of this 
branch primordium has taken place, two bracts, referred to here as the adaxial 
flower bracts, arise near its base and toward the axis. As development of these 
bracts takes place, their bases elongate conjointly and at first only their tips are 
separate. Later, after the flowers themselves are well developed, the conjoint 
base splits so that apparently two completely separate bracts are present, one on 
the adaxial side of each flower branch. Before any elongation of the first branch 
primordium has taken place a second one arises in the axil of the bract on the 
first branch primordium. In a cross section of the young flowering axis these two 
primordia lie inside the outer bract and outside the conjoint base of the two de- 
veloping adaxial bfacts (fig. 7). The origin of the first and second branch pri- 
mordia and the two adaxial bracts can be determined from cross sections in which 
the bases of all four structures are common. Later, as elongation takes place, each 
can be seen as a separate structure near its tip. The first and second branch pri- 
mordia are completely covered with an epidermis, as are both adaxial bracts. In 
addition to the structures already mentioned, each flower primordium bears a 
bract on its outer face, the abaxial bract. These bracts develop later than the 
adaxial bracts, and flowers may or may not develop in their axils. This develop- 
ment usually leads to the formation of two flowers, one differentiated at the tip of 
the first branch primordium and one at the tip of the second. Not always, how- 
ever, does development stop with two flowers, and cases can be found where three 
or even four ultimately develop. Such a branch system of flower origin would 
seem the normal behavior for the plant and accounts for the origin and variation 
in number of flowers present. 

Perianth AND sepals 

The perianth arises first as a ring on the periphery of the flower primordia. Not 
long after, the three sepals arise from this as separate primordia. At this time 
there is much lateral growth of the end of the branch, which causes it to widen and 
flatten (fig. 2). Subsequent elongation of the sepal primordia (figs. 3-"6) leads to 
three elongated and flattened sepals which are widened at their base and which in 
the mature flower overlap the petals to some extent. 
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Petals 

The petal primordia, three in number, arise next in order and lie just inside the 
ring of sepal primordia and alternate with them (fig. 3). They eventually elongate 



Figs, 1-7. — Figs, i”‘6, successive development of floral parts. Fig. 7, reconstruction showing relation 
of bracts to flower primordia; axis removed, a,ids]fp, flower primordia outer bract; abaxial 
bract; 56 , sepal; petal; carpel; stamen; irt:, carpeilary cavity; node.) 

and are sepaloid in appearance (figs. 4-6), contain chlorophyll, and are not showy. 
In shape they are similar to the sepals and approximate them in size. In the ma- 
ture flower their edges are overlapped by alternating edges of the sepals. 


GROVE-AGAVE 


357 


1941] 


Stamens 

Two rings of three stamens each are next in origin. The outer ring of three lies 
opposite the three sepals and the inner ring of three within and opposite the three 
petals. The primordia arise as more or less dome-shaped protuberances, and all 
six stamens develop simultaneously in two cycles (fig. 3). At the time the stamens 
originate the sepals are already well developed and the petals are rapidly elongat- 
ing. In later stages of development the anther arises as a terminal expansion of 
the stamen. Its growth is parallel to the filament, and in the mature condition the 
filament is attached at about the center of the elongated anther, being versatile. 
When the flower opens at time of pollination the anther flips up, its median at- 
tachment to the filament operating as a hinge (fig. 6). 

Carpels 

The three carpel primordia arise last and opposite the sepals, and, like the sta- 
mens, they are at first more or less dome shaped (fig. 3). At this stage in ontogeny 
the growth of the end of the axis is inhibited, but all the conjoint flower parts con- 
tinue to elongate and enlarge above it, so that in the young flower a canal is left 
in the center of the developing ovary. However, the conjoint development of the 
three carpels forms a common central tissue which completely fills this central 
canal in the mature flower (fig. 12) and leads to the formation of a compound 
ovary with three separate and completely inclosed carpellary cavities. Zonal 
elongation of the conjoint bases of the three carpels completes the formation of the 
compound pistil. The tips of the three carpels continue above the ovary as a com- 
pound style, which is three lobed and hollow. As zonal elongation of the three 
carpels takes place, zonal elongation of the undiverged bases of the sepals, petals, 
and stamens also occurs. This conjoint tissue completely surrounds and is indis- 
tinguishable from the carpels (fig. 12). 

The general development just described is one of acropetal succession, starting 
with sepals and progressing inward toward the center of the flower through petal, 
stamen, and carpel. 

Vascular anatomy of flower 

A node at the bottom of the ovary makes it difficult to trace the vascular supply 
of the flower down through the flower branch (fig. 6). In a very young flower, be- 
fore differentiation of the majority of the procambial strands, it is possible to 
trace a certain amount of vascular tissue through the node, but since all traces are 
not differentiated, the lack of obvious nodal ramifications complicates the inter- 
pretation rather than simplifies it. For this reason no attempt has been made in 
the drawings to trace the vascular supply through the node; only the bundles 
above it after vascular tissue differentiation has taken place have been recorded 
(figs. 8-13). In no instance have drawings been included at the tips of sepals, 
■petals, etc. ; ' 
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At the base of the ovary there is visible a median bundle for each sepal and each 
petal. In addition there are twelve lateral bundles, one on either side of each me- 
dian sepal and petal bundle. On the inner side of each median sepal and petal bun- 
dle is a stamen bundle. In most cases at this level this bundle is so closely ap- 
pressed that it is difficult to distinguish it. Three dorsal carpel bundles are present 
at this level and remain unchanged throughout the upper extent of the flower, 
passing into the style at the top of the ovary. Six placental bundles are present, 
but at this stage show little differentiation (fig. 8). 

Examination of cross sections of the flower at higher levels shows that the me- 
dian bundle of each sepal passes into the sepal without dividing. Each lateral bun- 
dle is divided to give rise to one toward the edge of the sepal. The bundles formed 
by this first division divide, and the derived bundles here divide once. This leads 
to the usual condition of nine bundles present in the sepal after its divergence at 
the top of the hypanthium (fig. ii). The petal bundles show the same kind of de- 
velopment, except that two divergences usually occur and seven bundles rather 
than nine is the usual number present in the petal (fig. ii). The stamen bundles, 
as already mentioned, lie inside of and are tightly appressed to each median sepal 
and petal bundle (fig. 8). At the top of the hypanthium the stamen bundles pass 
directly up into the stamens (fig. ii). 

The vascular plan above the node is a simple one, and indicates that the hypan- 
thium consists of the undiverged bases of sepals, petals, and stamens, as shown by 
their vascular anatomy. 

Ovule development 

The nucelli arise from the lateral edges of each of the three carpels. As growth 
continues the nucellus elongates, and with growth more rapid on the outer face the 
nucellus gradually turns through an arc of nearly 180° to become anatropous. Two 
integuments are developed from the base of the nucellus and ultimately overgrow 
its end to form the micropyle. The outer integument is fully developed only on 
the outer face of the ovule and is present only as a ring on the funicular side. 

Before any appreciable curvature of the nucellus, and previous to the origin of 
the inner integument, the archesporial cell is differentiated. The megaspore stages 
are numerous when the nucellus has passed through about a 90° arc, and one in- 
tegument is developed — with the second starting in some instances. Megagameto- 
phyte stages occur when the ovule has assumed its complete anatropous position 
and both inner and outer integuments are well developed. 

Megasporogenesis 

A single hypodermal cell enlarges from the sporophytic tissue of the nucellus. 
It can readily be identified by its position, immediately beneath the epidermis ; its 
increased size and denser cytoplasm; and its enlarged nucleus. It is differentiated 


360 


BOTANICAL GAZETTE 


[DECEMBER 


before the appearance of the inner integument and before any appreciable growth 
of the nucellus has taken place (fig. 14). The first and only division of the arche- 
sporial cell is periclinal, resulting in the primary sporogenous cell on the inside and 
the primary parietal cell on the outside (fig. 15). The primary parietal cell is di- 
vided in turn by an anticlinal division (fig. 16) and eventually gives rise to a single 
parietal layer (figs. 17-20). The parietal tissue persists until the megagameto- 
phyte starts to enlarge, at which time it is crushed. 

The primary sporogenous cell enlarges directly into the megaspore mother cell 
(fig. 17). Two divisions of this cell and its derivatives follow in rapid succession, 
and a linear tetrad of four megaspores is formed (figs. 18, 19) . Not until both divi- 
sions are completed is there evidence of wall formation, but following the second 
division walls come in to form four cells (fig. 20). Although chromosome counts 
were not made, it is assumed that these two divisions involve reduction of the 
chromosomes from the diploid to the haploid number. Of the linear tetrad so pro- 
duced the megaspore toward the chalazal end of the ovule survives and the re- 
maining three disintegrate (fig. 20). This results in an enlarging uninucleate cell 
which becomes directly the young megagametophyte (fig. 23). 

Variation in megaspore arrangement 

In addition to the usual linear tetrad arrangement of the four megaspores, two 
variations were noted rather commonly. One variation is essentially the same as 
the linear tetrad, except that the walls between the megaspores come in at angles 
to one another instead of parallel (fig. 22). A second variation shows the wall be- 
tween the two micropylar nuclei at right angles to the wall between the other two 
toward the chalazal end (fig. 21). This is similar to a condition already recorded 
for Eaemanthus katharinae and Bomarea caldasii (6). 

Megagametophyte development 

The single nucleus of the enlarging young megagametophyte is located near the 
micropylar end (fig. 23). It divides to give rise to two nuclei (fig. 24) and one nu- 
cleus, then migrates toward the chalazal end (fig. 25). The cytoplasm between 
these two nuclei, one the primary chalazal and the other the primary micropylar, 
becomes highly vacuolated as enlargement occurs. Each of these two primary 
nuclei divides to give rise to a four-nucleate megagametophyte (fig. 26). Division 
of the primary micropylar nucleus precedes that of the primary chalazal nucleus. 
Each of the four nuclei now present undergoes one more division, giving rise to 
eight. Of the four at the micropylar end of the megagametophyte, one develops as 
the egg, two as synergids, and one as a polar nucleus. Three of the four nuclei at 
the chalazal end become nuclei antipodal cells arranged in linear manner and one 
a polar nucleus. The two polar nuclei migrate toward the center of the megagame- 


GROVE— AGAVE 


1941] 


361 


tophyte and together make the primary endosperm nucleus, fusion not taking 
place until fertilization or soon thereafter. The egg and each synergid have a defi- 



Figs. 14-27. — Megasporogenesis and megagametogenesis. {a, archesporial cell; pp, primary parietal; 
^5, primary sporogenous; p, parietal; mmc; megaspore mother cell; w, megaspore; e.?, embryo sac; t, 
tracheid; aw, antipodal nucleus; pn, polar nuclei; sn, synergid; mw, megagamete nucleus.) 

nite wall and a fairly large amount of cytoplasm. The cell containing the two pri- 
mary polar nuclei is much larger than any of the others (fig. 27). The cytoplasm 
of the two synergid cells cups slightly around the egg cell, which takes a central 
position between the two synergid cells. 
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tracheids are 

ifferentiated m the tissue between the chalaza and the megagametonhvte 

e]T y oiity tracheids and there is no indication that phloem 

e ements are present also. This condition is rare in plants (fig. 27). 

Microspores and microgametophyte 
The anther, when mature, is terminal and versatile. As its development oro 
cecds four distinct lobes are formed. At first, all the cells of these lobes, exclusive 

anL (2 zT'"’ cytoplasm, and in general appear- 
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sue.' Fig. 32! microsptretepM?tSr*F%^33 sporogenous tis- 

parietal; ©, wall; st, stomium- en endotherinm- .a c,l sporogenous; pp, primary 

parietal.) ’ ^ P po^ pollen; tap^ tapetiim; s, sporogenous; 

The archesporium differentiates as four groups of cells from hypodermal tissue 
fcttot f r ; archesporium is not easily^^istinguished a^ 

pauetal and primary sporogenous tissue it is easily distinguished (fig. 20) The 
primary parietal tissue thus formed undergoes several other periclinal and random 

can f ^^crounds the more or less 

celk dlfeen^nf (fig®- ^ 9 - 3 i). The innermost layer of parietal 

differentiates as tapetum. The cells of the tapetal layer are small at first but 
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gradually enlarge, and by the time microspore mother cells are recognized many 
of the tapetal cells are binucleate. Although the tapetum is fully formed by the 
time microspore mother cells are differentiated, further enlargement of the tapetal 



Figs. 34-38.— Anther development. Fig. 34, microspore mother cells. Fig. 35, at time of first reduc- 
tion division. Fig. 36, at time of second reduction division. Fig. 37, separation of spores. Fig. 38, ma- 
ture pollen, {mmc, microspore mother cell; tap, tapetum; w, wall; st, stomium; tn, tube nucleus; gen- 
erative nucleus.) 

cells does take place and its greatest development is simultaneous with the forma- 
tion of microspores. From this period on the tapetum disappears and the micro- 
spores enlarge and develop. In some instances at least, disintegration of the tape- 
turn supplies a nutritive mass which surrounds many of the newly separated 
spores. The tapetum and its remnants continue for a long time during spore de- 
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velopment, but when mature pollen grains are found it has entirely disappeared 
(figs. 34-37)' 

The remaining wall cells derived from the parietal tissue stay more or less in- 
tact, although there may be some disintegration of the inner layer as the tapetum 
enlarges. When the anther matures the remaining wall tissue is characterized by 
the formation of a well-defined endothecium, which involves all but the epidermal 
layer of wall tissue (fig, 33). 

The primary sporogenous tissue is formed by division of the archesporium. 
These primary sporogenous cells may undergo one or more divisions and the re- 
sulting cells enlarge and function as microspore mother cells (figs. 30, 34). The 
microspore mother cell undergoes two successive divisions, the reduction divi- 
sions, and wall formation follows each immediately, forming four microspores 
(figs, 34-36), Following the second division the microspores separate, usually in 
groups of four cells, following the pattern of the original microspore mother cells; 
but these groups soon separate, the individual spores becoming independent. 
They are at first thin walled and uninucleate and may in part be surrounded with 
a cytoplasmic mass from the disintegrating tapetal cells (figs. 32, 37). As the mi- 
crospores mature their wall continues to thicken, and division of the nucleus re- 
sults in the formation of a two-nucleate microgame tophyte. The tube cell is large 
and occupies the greater part of the pollen grain. In cross sections of mature pollen 
grains one thin place is always recognized in the wall surface surrounding the tube 
cell. 

The generative nucleus is vermiform and its cell is considerably smaller and 
less regular in outline than the tube cell (fig. 38). Stomium structure is traced in 
figures 28-37. As the anther matures, with pollen grains and endothecia differen- 
tiation, the stomium breaks with little decomposition and the locular spaces of 
the two adjoining pollen groups become one (fig. 33). 

Summary 

1. Origin of the floral organs of Agave lechuguilla is acropetal, sepals appearing 
first and carpels last. 

2. The flower is epigynous. Its vascular anatomy is simple, being a direct di- 
vergence of vascular bundles into the separate organs. All vascular bundles end- 
ing in either sepal or petal structures are derived from bundles differentiated early 
in connection with these floral parts. 

3. The ovule is anatropous and has two integuments. Placentation is axial. 

4. Megasporogenesis starts with differentiation of a single hypodermal arche- 
sporial cell and ends with formation of a tetrad of megaspores arranged usually in 
linear fashion. Two variations in megaspore arrangement were noted. 
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5. Periclinal division of the archesporial cell gives rise to a primary parietal cell 
and to a single primary sporogenous cell which enlarges and becomes the mega- 
spore mother cell. Development of the megagametophyte follows the so-called 
normal type. 

6. A single parietal layer is present in the ovule, disintegrating when the mega- 
gametophyte enlarges. 

7. The vascular tissue of the ovule does not stop at the base of the chalaza but 
tracheids penetrate the nucellus to the megagametophyte. 

8. Anther development follows the common method. The archesporium con- 
sists of a group of cells. Periclinal divisions give rise to the primary parietal and 
primary sporogenous cells. Continued periclinal and anticlinal divisions of the 
primary parietal cells form the wall tissue. The sporogenous cells enlarge and func- 
tion as microspore mother cells. There are two successive divisions of the micro- 
spore mother cells, resulting in four microspores. 

9. The tapetum is derived from the innermost layer of the parietal tissue. 

10. The mature anther shows well-defined endothecia three or four cells in 
thickness and disintegration of the stomium. 

Pennsylvania State College 
Forest School 
Mont Alto, Pennsylvania 
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EFFECT OF VARIOUS GROWTH-REGULATING SUBSTANCES 
UPON SEVERAL SPECIES OF PLANTS 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 636 
DAPHNE B. SWARTZ 

Introduction 

Many recent investigations have been concerned with attempts to determine 
the functions of certain of the phytohormones. Notable among these substances 
are those — such as vitamin Bi and nicotinic acid^ — which have been shown, in ex- 
periments with isolated embryos and excised roots, to be essential to root develop- 
ment (i, 8). These experiments indicate also an interdependence of these two sub- 
stances. For example, Bonner (i, 2) found that while in certain instances nico- 
tinic acid alone was not effective, when applied in addition to vitamin Bi it intensi- 
fied the response of the plant to the latter. 

But whether these substances, under certain conditions, may become limiting 
factors to the extent that their external application will affect the total plant 
growth, is still a question. Bonner and Green (3) have reported increased dry 
weight of both roots and shoots, accompanying increased general vigor, when 
vitamin Bx was supplied with nutrient solution to plants in sand cultures. In 
marked contrast to these results are those reported in the recent work of Hamner 
(6). Under variously controlled conditions of photoperiod and nitrogen supply, 
plants supplied with vitamin Bi showed no increased dry weight. Gorham (5) 
also reports no increased frond multiplication in Lemna when vitamin Bj was add- 
ed to the solution in which it was growing. 

Other substances, such as naphthaleneacetic acid and related synthetic com- 
pounds, though not yet known to be formed in plants, are known to increase the 
rate of root initiation when applied to stems, leaves, and plant parts other than 
roots, in general (9). These same substances, which initiate root formation, may 
fail to promote growth and even in high dilutions inhibit root growth (4). Some- 
what at variance with this is the report of Gorham (5) that concentrations of 0.25 
and o.io mg. of naphthaleneacetic acid per 100 ml. of nutrient produced marked 
increase in the rate of frond multiplication in Lemna. It has also been well estab- 
lished that pronounced histological changes accompany root formation and other 
external changes induced by naphthaleneacetic acid (7). But the effect which 
these root-forming substances may have upon total plant growth (as indicated by 
dry weight), and the external conditions under which these effects may occur, are 
as yet largely undertermined. 
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The present investigation, except for a part of the preliminary experiment, at- 
tempted only to determine the effects resulting from the addition of various growth 
substances to plants supplied with a complete nutrient solution to the sand me- 
dium in which they were grown. Great numbers of plants were used to make statis- 
tical analysis of the results possible. 

Investigation 

Chrysanthemum 

This experiment was conducted, in part, to determine whether the addition of 
a growth substance may in any measure compensate for the lack of an essential 
element in the nutrient solution. 

On April 26, chrysanthemum cuttings which had been rooted and were of ap- 
proximately uniform size were transplanted into 4-inch glazed pots with side drain- 


TABLE 1 

Dry weight* in grams of chrysanthemum plants 



I 

Complete 

NUTRIENT 

II 

Minus Mg 

NUTRIENT 

III 

Minus K 

nutrient 

IV 

Minus P 

nutrient 

i 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 

Control 

4.72 

2 .11 

0.81 

0.17 

0.4 

0.16 

0.17 

0. 21 

Vitamin Bi added 

4 -S 9 

2.03 

0-95 

0.24 

0.55 

0.28 

0.15 

0. 21 

Naphthaleneacetic acid 









added 

4.21 

1.94 

0.72 

0.20 

0.8 

0.39 

0 . 16 

0.31 


* Weights represent mean of fifteen plants grown under each treatment. 


age. The pots had been previously filled with quartz sand and flushed with dis- 
tilled water. They were supported on lath racks to prevent any contamination of 
the nutrient supply through drainage. Fifteen plants were provided for each of 
the four treatments (table i), and the pots were placed at random on the green- 
house bench in rows of five each. During the 10 weeks which followed, the plants 
were supplied with nutrient solution, with added growth substances on alternate 
days, and with distilled water on intervening days. Once a week the pots were 
thoroughly flushed with distilled water. The complete nutrient solution used in 
this, as well as in the more extensive experiments which followed, was made up 
from the following o.^M stock solutions. Of these there were added to 72 liters of 
distilled water: 864 ml. of Ca(N03)2, 648 ml. of MgS04, and 648 ml. of K.H2PO4. 
In the ^^minus’’ solutions, the following substitutions were made: NaH2P04 for 
KH2PO4 in the minus K solution, KCl for KH2PO4 in the minus P solution, and 
Na2S04 for MgS04 in the minus Mg solution. Minor elements were supplied in 
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the following parts per million of nutrient: boron 0.5, manganese 0.5, zinc 0.05, 
and copper 0.02. A 0.5 per cent iron tartrate solution was added once weekly at 
the rate of i ml. per liter of nutrient. The growth substances, vitamin Bj (Merck) 
and naphthaleneacetic acid, were mixed with the nutrient solution immediately 
before it was supplied to the plant, each being prepared in aqueous stock solution 
and used in the dilution of o.i mg. per liter of nutrient. 

The chrysanthemum plants were harvested on July 10. The roots were separat- 
ed from the tops at the soil line, and the roots were washed free of adhering sand 
by dipping them in salt water and then .rinsing in distilled water. After being 
blotted to remove the excess water, they were placed in open paper containers and 
dried to constant weight in a draft oven. Weights were taken immediately after 
the plants cooled. 

Cosmos and marigold 

Plants used in this more extensive investigation were chosen because they grow 
well under the variable conditions of temperature and light which prevail in the 
Chicago area during the summer months. Both the Harmony marigold and the 
Burpee Golden cosmos have a comparatively short vegetative period before flower- 
ing. And this variety of cosmos has been used in previous experiments of similar 
nature. 

Four-inch glazed pots like those of the previous experiment were used. Quartz 
sand which had been washed and sifted to free it of organic matter was used. On 
June 6, selected seeds secured from the Burpee Company of Philadelphia were 
planted, four or five in each pot at uniform depth. One hundred thirty pots were 
planted for each of the four treatments of both varieties of plants used, making 
1040 pots in all. They were placed at random in rows of ten each on two green- 
house benches. 

Germination was almost 100 per cent. Soon after emergence, all but two seed- 
lings were removed from each pot. Within 2 weeks the second seedling was re- 
moved, leaving only one in each pot. At this stage, plants of both varieties were 
very uniform in height and vigor. Complete nutrient solution was supplied twice 
during the first week after emergence. Beginning on the tenth day, and continu- 
ing throughout the course of the experiment, growth substances were added to 
the nutrient solution and supplied to the plants twice a week. Plants of one group 
served as controls and received only the complete nutrient solution; plants of an- 
other group received naphthaleneacetic acid added to the nutrient solution; a 
third group received nutrient plus nicotinic acid; and a fourth group received both 
nicotinic acid and vitamin Bi in addition to the nutrient solution. All the growth 
substianees were used in the dilution of o.oi mg. to i liter of nutrient. Both mari- 
golds and cosmos were harvested after 8 weeks. The methods used in harvesting 
and drying were the same as those previously described. 
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Results and discussion 

All chrysanthemum plants of group i (table i), whether or not they were sup- 
plied with growth substances in addition to the complete nutrient solution, showed 
similar vigor. They were very uniform in height and averaged approximately the 
same number of leaves. The plants which received minus Mg solution showed no 
detectable variation. All plants, regardless of growth substances, were definitely 
stunted and showed typical magnesium deficiency. Average dry weight of tops of 
plants receiving Bi was slightly greater than that of the controls. 

The only group which evidenced any marked response to the addition of growth 
substances was the one receiving minus K nutrient solution. All plants showed 
typical potassium deficiency, with browning and final abscission of the leaves. 
Both the plants receiving Bj and those receiving naphthaleneacetic acid were 
more vigorous than the controls, although there was only a slight increase in 
height. The difference was most apparent in plants which received naphthalene- 
acetic acid. They showed a significant increase in dry weight. They tended to re- 
tain ten or twelve leaves in contrast to an average of nine in the controls, and the 
leaves were somewhat larger. There was also a tendency for the plants receiving 
naphthaleneacetic acid to produce one or more stolons. None was formed on the 
control plants. 

The numbers of plants involved in the experiment were too small to justify defi- 
nite conclusions, but their response gives evidence of the possibility that naphtha- 
leneacetic acid may in some degree compensate for lack of potassium. As previ- 
ously stated, the experiment with cosmos and marigold constituted the major por- 
tion of this investigation. Tables 2 and 3 show little response of the plants to the 
growth substances. The most striking effect was the marked individual variation 
in height among the cosmos plants. Each group, regardless of treatment, showed a 
variation in height from a minimum near 20 cm. to a maximum of over 90 cm. All 
plants seemed vigorous and healthy, regardless of height. This marked variabil- 
ity illustrates how much an inconstant characteristic might be erroneously attrib- 
uted to some external factor, such as a growth substance, if plants were observed 
in small numbers. 

Table 2 shows an accompanying variation in dry weight occurring within each 
group of cosmos plants. A statistical analysis to determine the significance of the 
variances indicates that the mean differences in weight occurring between each 
group and the control (tables) lie well below the mean calculated as significant on 
the basis of 5 per cent probability. Comparison of the cosmos leaves showed a 
similar range of size in all groups. No variation in floral initiation among the 
groups was noted. At the time of harvest, ygput of 130 control plants were in bud 
or blossom as compared with 74 in the naphthaleneacetic-acid group, 73 of those 
receiving nicotinic acid, and 77 receiving both nicotinic acid and Bi. 
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Growth of the marigolds was much more uniform. Approximately the same 
number of plants from each group showed floral initiation within 5 weeks. After 
the terminal flower had formed, axillary shoots developed with noticeable rapidity 
in all plants. Dry weights (table 5) indicate one noticeable variation : the weight 

TABLE 2 

Burpee Golden cosmos 


Complete nutrient 


Complete nutrient with 


(control) 

Naphthaleneacetic acid 

Nicotinic acid 

Nicotinic acid and Bj 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 


Dry weight (gm.) oe random rows of ten pl.ants each 


37-7 

9.8 

43.2 

II . 3 

52.0 

12.7 

55-4 

14.4 

57-5 

13 -S 

54-3 

16. s 

S 3 -S 

14.3 

50.8 

13.6 

56-9 

16.5 

53-9 

13-5 

49-9 

12.8 

57-3 

15-3 

52.0 

14.2 

57.0 

16.7 

49.2 

16. 1 

59-6 

14.7 

57-3 

16.7 

55 -S 

13.9 

58.0 

14.8 

58.4 

14.2 

52.8 

12.7 

53-0 

13. S 

51.2 

14.0 

56.5 

14.8 

56.2 

13.4 

44.8 

12 . 2 

57-3 

15-9 

46.4 

13.3 

52.2 

14.4 

51.6 

16.3 

56.8 

14. 1 

56.8 

15. 1 

51.8 

16.6 

49.4 

16.7 

55-7 

14.0 

54-4 

12.8 

SO . 9 

14.4 

60.8 

14-3 

55.6 

16.0 

55-8 

15-0 

63 . 8 

15-3 

SI-8 

13. 1 

62.7 

17.0 

63-5 

17.5 

59-0 

15-3 

52.2 

13.5 

49-5 

13.8 

40.0 

10. 0 

39-6 

12.2 

38.8 

11,0 

44.6 

II .0 

SO. 6 

1 

13.0 

Average dry weight per row of ten plants 

52.9 

14.23 

SI .2 

14.04 

53-54 

14.3 

54-3 

14. 1 


Average dry weight per plant 


1.423 

5.12 

1 1.404 

i 

5-354 

1-43 

5-43 


1. 41 


of the total marigold plant, and more definitely the weight of the tops of the plants 
receiving naphthaleneacetic acid (o.oi mg. per liter of nutrient), have less dry 
weight than the controls. This variance indicates that the weight lies above the 
calculated figure of significance at 5 per cent probability. This decreased dry 
weight illustrates the fact mentioned earlier, that although naphthaleneacetic acid 
is known to initiate root growth from stems, it may also retard growth as a result 
of toxic action and thus affect general plant growth. 
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TABLE 3 

Harmony marigold 




COilPLETE nutrient WITH 



Naphthaleneacetic acid 

Nicotinic acid 

Nicotinic acid and Bi • 

Tops 

Roots 

j 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 


Dry weight (gm.) of random rows of ten plants each 


35-6 

10. 0 

32.0 

8.6 

38.6 

10.6 

37-0 

9.4 

31-9 

8.6 

29 -S 

9.2 

36.6 

9.6 

38.1 

9-7 

38-9 

8.S 

29.9 

8.8 

3-9 

9-3 

35-0 

9.7 

33-7 

8.3 

31-5 

9.1 

36.0 

8.0 

38.0 

10.2 

32.3 

8.6 

29.7 

9.6 

36-9 

10.7 

36.4 

10.8 

35-0 

10. 1 

28.1 

8.0 

36.1 

9-7 

33-6 

II .2 

37.0 

10.9 

32.6 

9.8 

36.0 

10.9 

36.0 

II .2 

39-2 

II. 8 

29.7 

9.6 

38.0 

9.0 

38.2 

9.5 

36.5 

II. 7 

32.9 

9.6 

38.9 

10.9 

38.3 

10. 0 

38.5 

10. 0 

37-4 

10.7 

4 I-S 

12.3 

37-8 

II .0 

40.4 

12.4 

36.0 

II .2 

41.2 

12.8 

42.0 

10.2 

41.4 

13.2 

37-1 

II .6 

43-8 

12.6 

44-9 

13-3 

41-3 

10.9 

35-5 

10. 5 

35-9 

9-7 

40.2 

II .0 


Average dry weight per row of ten pl^ants 

37.0s 

10.4 

32-45 

9*7 

38.3 

10.5 

38.1 

10.6 

Average dry weight per plant 

3.705 

1.04 

3*245 

0.97 

3-83 

1.05 

3 - 8 i 

1.06 


TABLE 4 

Mean dry weight in grams of thirteen rows of cosmos plants used 
AS controls compared with same under treatments INDICATED; 
ALSO ESTIMATED SIGNIFICANT DIFFERENCES IN WEIGHT BETWEEN CON- 
TROLS AND TREATED PLANTS 



I 

Control 

II 

Naphtha- 

lene- 

acetic 

ACID 

Signifi- 

cant* 

differ- 
ence 
(I AND II) 

III 

Nicotinic 

acid 

Signifi- 

cant* 

differ- 

ence 

(I AND III) 

IV 

Nicotinic 

acid 

AND Bi 

Signifi- 

cant* 

differ- 
ence 
(I AND IV) 

Tops .... . . . . 

52.9 

51.2 

5-43 

53*5 

4.99 

54.3 

5.44 

Roots ^ 

14.2 

14.0 

1 .69 

14*3 

1.47 

14. I 

1.50 

Total plant. . . 

67 . 1 

65.2 

6.57 

67.8 

6 .12 

68.4 

6.68 


* Significant differences are weights above which, at probabilities of 5 per cent, mean differences 
may be considered statistically significant. 
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The dry weights of marigold plants supplied with nicotinic acid, and with nico- 
tinic acid and vitamin Bj combined, showed no increased growth response. Ob- 
viously, although vitamin Bi and nicotinic acid are necessary for root growth, the 
supply produced by this plant is adequate for its needs. Consequently the external 
application of such substances, at least in the concentration used, has neither posi- 
tive nor negative effect upon total plant growth. 

TABLE 5 

Mean dry weight in grams of thirteen rows of marigold plants used 

AS CONTROLS COMPARED WITH SAME UNDER TREATMENTS INDICATED; 

ALSO ESTIMATED SIGNIFICANT DIFFERENCES IN WEIGHT BETWEEN CON- 
TROLS AND TREATED PLANTS 



I 

Control 

! 

II 

Naphtha- 

lene- 

acetic 

ACID 

Signifi- 

cant* 

DIFFER- 
ENCE 
(I AND 11 ) 

III 

Nicotinic 

ACID 

SiGNIFI- : 
CANT* 

DIFFER- 

ENCE 

(IandIIDI 

IV 

Nicotinic 

acid 

and Bi 

Signifi- 

cant* 

DIFFER- 

ENCE 

(I and IV) 

Tops i 

i 

37-0 

32 -41 i 

2.58 

38.3 

2.33 

38.1 

2.50 

Roots : 

10.4 

9-7 

1.09 

10.5 

1.23 

10.6 

1 .09 

Total plant. . . 

47-4 

! 42 -if 

3-48 

48.8 

336 

48.7 

3-30 


* Significant differences are weights above which, at probabilities of 5 per cent, mean differences 
may be considered statistically significant, 
t Weights indicating statistical significance. 


Summary 

1. Neither vitamin Bi nor naphthaleneacetic acid supplied to chrysanthemum 
plants in a concentration of o.i mg. per liter of complete nutrient solution pro- 
duced any apparent growth responses or significant difference in dry weight. 

2. Chrysanthemum plants receiving naphthaleneacetic acid in a concentration 
of O.I mg. per liter of minus K nutrient solution showed an increase in dry weight 
over the controls, indicating that the acid can compensate to some extent for the 
lack of potassium. 

3. No significant difference in dry weight occurred between cosmos plants used 
as controls and those receiving o.oi mg. of naphthaleneacetic acid, nicotinic acid, 
or nicotinic acid and vitamin Br per liter of complete nutrient. 

4. Marigold plants showed little variation in dry weight when supplied with 
nicotinic acid, or with a combination of nicotinic acid and vitamin Bi. 

5. A significant decrease in total dry weight of the marigold plants supplied 
with napthaleneacetic acid (o.oi mg, per liter) indicates a retarding effect of the 
acid on growth. 

6. None of the treatments to which the cosmos and marigold plants were sub- 
jected resulted in visible effects upon their habit of growth or upon floral initia- 
tion. 
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PHYSIOLOGICAL AND CHEMICAL RESPONSES OF BEAN AND 
TOMATO PLANTS TO ALPHA NAPHTHALENE ACET- 
AMIDE AND PHENYLACETIC ACID^ 

CHARLES L. HAMNER"* 

Introduction 

The investigations here reported deal with some of the physiological, chemical, 
and anatomical responses of bean and tomato plants to alpha naphthalene aceta- 
mide and phenylacetic acid when applied in nutrient solutions and as emulsion 
sprays to the tops of growing plants. Records have been made of the gross ap- 
pearance of the plants, wet and dry weights, and content of total nitrogen, calcium, 
and phosphorus. 

Red Kidney bean and Bonny Best tomato were used as the experimental plants. 

The general procedure for experiments I-IV was to plant four seeds in a i|-liter 
glazed crock containing previously unused white quartz sand. Seven to nine days 
after planting, when the first primary leaves had expanded, the plants were 
thinned for uniformity to one and two per pot. The pots were arranged in rows of 
eight plants each on greenhouse benches. Each entire row was given specific 
treatment, and the treatments were randomized to permit statistical analyses of ^ 

the harvested material. 

The naphthalene acetamide used in the experiments was first dissolved in lo cc. 
of 95 per cent ethyl alcohol and added to the specific quantity of nutrient solution 
required for each treatment just before watering. The first applications were made 
when the bean plants were thinned. The plants were harvested, each row sepa- 
rately, shortly after the first flowers appeared. 

The concentrations of salts used in making the complete nutrient solution were : 

0.0045 ^ol MgS04, 0.0045 mol KH2PO4, 0.0060 mol Ca(N03)2, together with the 
minor elements. In experiments I, III, and IV lesser amounts of phosphate were 
used, for example, yV phosphate means that 0.00025 KH2PO4 was used in- 
stead of 0.0045 mol. ^ 

Chemical analyses were made of the plants used in experiment III. The cal- 
cium content was determined volumetrically (3). The Kjeldahl- Gunning method 
was used in determining the total nitrogen content (3). Phosphorus content was 
determined colorimetrically, using phosphorus molybdate in solution (3). 

^ This work was supported in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chicago. 

'‘Agent, Bureau of Plant Industry, U.S. Department of Agriculture. 
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Experimentation 

Alpha naphthalene acetamide supplied in nutrient solution 

Experiment I. ^Bean seeds were planted May 2, 1941, and thinned to two per 
pot on May 8. Sixteen different combinations were run. Four concentrations of 
potassium phosphate in the nutrient solutions were used: complete, and as 
much phosphate as in the complete nutrient, and no phosphate. In combination 
with each of these nutrient solutions, a range of four concentrations of naphtha- 
lene acetamide — io~ 5 , 10-’, 10-®, and o — was used. 

The plants were given nutrient solution every other day, with or without the 
addition of the naphthalene acetamide, the total number of applications contain- 
ing acetamide throughout the experiment being six. The plants were harvested 
June 3, 1941, and wet and dry weights of tops and roots were measured. As a 
result of this experiment it was found that lo-^ concentration of naphthalene 
acetamide was the greatest amount that could be used effectively without result- 
ant toxicity to the plants. The most effective range of concentration for increased 
root development appeared to be between io~‘’ and io~b 

Experiment II.^ — This was performed to determine at what point within this 
range of naphthalene acetamide concentration (lo-** to 10-’') the greatest root de- 
velopment would take place. For this purpose bean seeds were planted June 25 
and thinned to one plant per pot on July i. Eighteen replications of the follow- 
ing five concentrations of naphthalene acetamide were used in complete nutrient 
solution: o, io“^, and io“^ Six applications of the solutions con- 

taining the naphthalene acetamide were made. On July 25 the plants were har- 
vested and the wet and dry weights of tops, roots, and h3rpocotyls recorded 
(table 2). 

Experiment III. — Two concentrations of phosphate were used. Nine different 
treatments were given and six replications of each treatment were run (table i). 
The seeds were planted June 20, 1941, and the seedlings selected as in the first 
two experiments. The plants were harvested July 14. Wet weights of the tops 
and dry weights of tops, roots, and hypocotyls were recorded. Chemical analyses 
of total nitrogen, calcium, and phosphorus content were made of the tops, roots, 
and hypocotyls of the plants that had received treatment numbers 1-6 (tables 
1 , 3 )- 

Plants grown without phosphorus, experiment I, showed no root stimulation, 
and those grown on a phosphate level showed only slight root stimulation when 
supplied with acetamide. All other levels of the phosphate concentration resulted 
in marked increase in root growth upon application of the acetamide in concen- 
tration of 10-®. Top growth was inhibited when the phosphate concentration was 
^ or less. 
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From tables i and 2, experiment III, it is obvious that the concentration of 
naphthalene acetamide in the nutrient solution, and the number of applications, 
strikingly affect the growth response. One application resulted in a less weight of 
dry matter of tops of 23.29 gm. as compared with 28.70 gm. Root growth was 
slightly increased by one application, from 6.89 to 7.24 gm. In the case of root 
growth, the effects resulting from three applications were similar to those from six. 
This was not true for top growth. 

The data in table 2, experiment II, show that a concentration of naphtha- 
lene acetamide produced the greatest increase in amount of root growth. Growth 
of the tops was inhibited with increased concentration of acetamide within the 
range shown in table 2. 


TABLE 1 

Experiment III; bean plants 


Treatment 

NUMBER 

Number 

OF APPLI- 
CATIONS 

Concentration 

OF POTASSIUM 

PHOSPH.ATE 

(mols) 

Concentra- 
tion OF naph- 
thalene AC- 
ETAMIDE 

I 

0 

0.000250 

0 

2 

6 

0.000250 

10“^ 

3 

6 

0.000250 

I 0 “S .5 

4 

0 

0.00150 

0 

5 

6 

0.00150 

10-^ 

6 

6 

0.00150 

10 5.S 

7 

I 

0.00150 

10“^ 

8 1 

2 

1 0.00150 

I0~^ 

9 -. 

3 

0.00150 

i,o“6 


The calcium contents of the plants grown in experiment III (table 3) showed 
a percentage dry weight increase in tops with the acetamide treatment. The great- 
est percentage increase occurred when the largest amount of acetamide was sup- 
plied. A similar trend was noted in the hypocotyls. The roots showed no relative 
increase in calcium content in the plants of the yV phosphate group and showed 
a relative decrease in the f phosphate group, the decrease being from 23.34 mg./ 
gm. to 15.63 mg./gm. 

The percentage of calcium content of the control tops on phosphate was ap- 
proximately the same as that of the control roots also on | phosphate. The cal- 
cium content of the plants on the f phosphate nutrient solution that contained 
acetamide showed a greater difference between tops and roots than did 
those receiving no acetamide, the content being 41.10 mg./gm. for the tops and 
15.63 mg./gm. for the roots. 

The phosphorus content increased in the tops of the plants treated with con- 
centrations of 10'”^ and naphthalene acetamide. In the -| phosphate group 
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TABLE 2 

Dry weight (in grams) of tops, roots, and hypocotyls of 

BEAN PLANTS TREATED WITH VARYING CONCENTRATIONS OF 
AIT HA NAPHTHALENE ACETAMIDE IN SOLUTIONS CONTAINING 
VARIOUS AMOUNTS OF KH2PO4 


KH2PO4 

(mols) 


Concentra- 
tion OF 
ALPHA N/\PH- 
THALENE 
ACETAMIDE 


Tops 


Dry weight (gm.) 


Roots 


Hypocotyls 


Experiment I 


0 

0 

7.91 

4.74 

0 

IO “9 

7.98 

4.64 

0 

10“' 

7.28 

4-54 

0 

IO ~5 

2.01 

1.97 

0.000125 

0 

13.20 

6.24 

0.000125 

10~9 

14.31 

7.01 

0.000125 

IQ-7 

12.63 

6.54 

0.000125 

IO“S 

3-13 

3-47 

0.000250 

0 

20.30 

7.90 

0.000250 

IO ~9 

17.91 

7-90 

0.000250 

IO “7 

15-58 

8.87 

0.000250 

IO“S 

3-50 1 

3.74 

0.0045 

0 

28.55 

7-90 

0.0045 

10-9 

28.67 

7.80 

0.0045 1 

I 0"7 

26.30 

8.70 

0 . 0045 

IQ-S 

3-93 

3-67 


Experiment II 


0.0045 

0 

28.3 

6.52 

2 .07 

0.0045 

10 7 

25.7 

7-77 

1,87 

0.0045 

10-6.67 

22.2 

8.90 

1.63 

0.0045 

10-6.34 

19. 1 

8.63 

1.50 

0.0045 

JO -6 

15.9 

7-56 

I .20 


Experiment III 


' 

0.00025 

0 

22.68 

7. II 

2.43 

0.00025 

10“^ 

16.13 

8.91 

I. 7 S 

0.00025 

I0~S.S 

8.70 

8.28 

1.78 

0.0015 

0 

28.70 

6.89 

2.12 

0.0015 

10”^ 

17-83 

8.57 

1.53 

0.0015. 

IO”S.S 

7.78 

7.65 

T.37 

0.0015 . ..... .' 


23.29 

7.24 

2.05 

0.0015 

IO-6-j- j 

20.90 

7.70 

2.16 

0.0015. 

lo-n i 

■ 

21.70 

8.34 

2 . 08 


One application, t Two applications, t Three applications. 
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the control tops showed a phosphorus content of 3.84 mg./gm. In the same phos- 
phate group the tops of the plants given the acetamide in concentration of 
contained 4.19 mg./gm, phosphorus, while those treated with a solu- 

tion contained 6.40 mg./gm. The plants that had received the f phosphate 
nutrient solution showed a much higher phosphorus content in the tops and roots 
than those that had received the phosphate solution. The difference between 
the phosphorus contents of the tops and of the roots increased with increasing 
amounts of the acetamide supplied. 

TABLE 3 

Experiment III; bean plants 

GUCIUM, PHOSPHORUS, AND TOTAL NITROGEN CONTENT OF PLANTS TREATED WITH AND 
WITHOUT ALPHA NAPHTHALENE ACETAMIDE IN NUTRIENT SOLUTION 
Weight IN MG. PER GM. 


Concentration of alpha naphthalene acetamide in nutrient solution 


SUBST.\NCE 

DETER- 

MINED 

Plant part 

0.00025 MOL KH2PO4 

o.oors MOL KH2PO4 



0 

10“^ 

lo-s.s 

0 

10-6 

I 0 “S .5 


[Tops 

23-37 

28.60 

38-94 

23.67 

29.98 

41 . 10 

Ca 

j Roots 

14.21 

14.29 

13-03 

23.34 

17 . 16 

15-63 


[Hypocotyls 

9.09 

11-57 

11.97 

8.58 

10.67 

12.57 


[Tops . 

1.80 

2 .H 

2.40 

3.84 

4.19 

6.40 

P 

j Roots 

0.84 

0.89 

0.94 

2.20 

2. IS 

2 . 20 


Hypocotyls ...... 

0.93 

1 .08 

1.48 1 

2 . 22 

2.58 

3-07 

Total iii" 

[Tops 

39-66 

42.73 

44-50 

38.96 

40.44 

40 . 18 

tro^cn. 

A Roots. 

30.79 

35-88 

35-90 

28.67 

33.47 

38.01 


[Hypocotyls ...... 

16.55 

17.78 

20.85 

14-83 

15.43 

23.60 


The total nitrogen content was greater in the tops, roots, and hypocotyls of all 
plants treated with acetamide. In the tV phosphate group the total nitrogen 
content for the tops showed a progressive percentage increase with increase in 
concentration of acetamide. The roots of the plants that had received acetamide 
in concentrations of io“'^ showed a marked percentage increase in nitrogen con- 
tent over the controls, whereas those that had received acetamide showed 
only a slight increase over those having received io~^ In the f phosphate group 
there was a progressive percentage increase in total nitrogen in the roots with in- 
creasing concentration of acetamide. The tops in this group showed an increase 
with acetamide treatment but displayed no great differences due to the different 
concentrations. The hypocotyls in both groups showed marked percentage in- 
crease with increasing acetamide concentration. 
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Histological sections of the roots of bean plants showed the following diSerences 
between the plants treated with a concentration of naphthalene acetamide of 
and the controls. The number of secondary roots of the treated plants was greater 
than those of the untreated, although many of these roots were short and stubby. 
The diameter of the younger roots of the treated plants was approximately twice as 
great as that of the controls. The cells of the embryonic region of the treated roots 
showed much denser cytoplasm. The subepidermal cortical cells showed many 
more radial divisions of the cells as contrasted with the tangential divisions in the 
controls. A number of the cortical cells were enlarged and spherical, resulting in 
many air spaces. The most striking feature of the treated plants was the very 
early maturation of the elements of the xylem and phloem. Maturation in most 
of the roots took place within less than 0.6 mm. of the apical meristem. Division 
of the cells of the pericycle over the xylem points was less pronounced in the con- 
trols than in the treated plants. In the treated plants pericyclic activity was most 
pronounced back from the apical meristem, where the xylem was nearly mature. 
At this level there was a bulbous enlargement of the root. In a few of the treated 
roots radial division of the epidermal cells occurred. In some of the roots of the 
treated plants no differences from the controls could be observed. 

Alpha naphthalene acetamide applied as emulsion spray 

TO THE LEAVES 

Experiment IV. — On April 29, 1941, four seeds of bean were planted in each 
of 1200 glazed crocks in clean unused quartz sand. Immediately after planting, 
the pots were divided into three lots, one lot receiving complete nutrient solution, 
another a similar solution containing only f as much phosphorus, and the third 
lot containing much phosphorus. The pots were then completely random- 
ized in rows on four greenhouse benches, there being twenty-one replications of 
each treatment. On May 6 the number of plants per pot was reduced to one. On 
May 7 the primary leaves had completely unfolded but were not of full size. The 
epicotyl had not yet begun to elongate. On the afternoon of this day, half the 
plants of each lot were sprayed with an emulsion of naphthalene acetamide in the 
amount of 400 mg./l. They were given a similar spraying on May 15 and were 
watered with the respective nutrient solutions on May 14, 19, and 22, and with 
distilled water on May 17. 

All the plants grew well. The tops of those sprayed with the acetamide emul- 
sion were not so large as those left unsprayed. Very little difference in growth was 
noted between the plants supplied with the different quantities of phosphorus in 
the nutrient medium. On May 30 the tops, and on June 2 the roots, were har- 
vested. Each individual row was kept separate and the dry weights determined. 
A summary of the results is given in table 4. 
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Phenylacetic acid supplied in nutrient solution to bean 
AND tomato plants 

Experiment V. — On April 14, four seeds of bean were planted in each of a 
number of glazed crocks containing unused white quartz sand and then sprinkled 


TABLE 4 

Experiment IV; bean plants 



Complete 

R Phosphorus 

Yij Phosphorus 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 

Con- 

trol 

Spra\'ed 

Con- 

trol 

Sprayed 

Con- 

trol 

Sprayed 

Con- 

trol 

Sprayed 

Con- 

trol 

Sprayed 

Con- 

trol 

Sprayed 


Dry weights op tops and roots per 8 plants (in grams) 

Weight 

24.4 

22.3 

10. 1 

10,1 

25.2 

22.9 

II . I 

II .6 

24.4 

22 . 2 

10.3 

.10.4 


Calcium and phosphorus content op top leaves and stems (in mg./gm.) 

Ca. 

12.3 

12.4 

8.2 

8.3 

15.4 

14. 1 

13-3 

11,4 

17-9 

16.6 

14.8 

II . 2 

P 

5-5 

6.4 

3.3 

3.3 

4.8 

5-0 

3.4 

3-4 

2.4 

2.5 

1.4 

1.4 


TABLE 5 

Effect of phenylacetic acid supplied in nu- 
trient SOLUTION UPON TOPS AND ROOTS OF BEAN 
PLANTS, EXPRESSED IN GRAMS PER lo LOTS OF 
PLANTS 


Concentration 

Tops 

Roots 

10^^ 

36.8 

14.3 

10 ^ 7 . 

36-7 

14.3 

lO'"^ 

37-4 

14.8 

. . 

37.0 

15.2 



36.8 

14.7 

lo-” i 

37.3 

14.6 

j 

37.8 

16.0 

Control 

39.2 

15.8 


with tap water. On April 21 the plants were thinned to two per crock and divided 
into ten lots of eighty crocks each. These lots were arranged in sequence on four 
greenhouse benches. Each lot was subdivided into eight rows of ten plants each. 
The rows in each lot were randomized by drawing the numbers according to 
chance. Within each lot one row served as a control; the others received phenyl- 
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acetic acid in complete nutrient solution as follows: io“^, io“^, io"'\ io“^ 

10“'^ lo""'''. Waterings with the respective solutions were made on April 22, 25, 
29, and May 2, 6, and 9. All were given one watering with distilled water on May 

TABLE 6 

Experiment VI; tomato plants 

Dry weight of tops and roots (in grams) added to obtain dry weight of total 
PLANT. Statistical analysis made on basis of dry 
weight of total PLANT; JULY, 1941 


Row 

Concentration of phenylacetic Acm in nutrient solution 

Control 

I 0 “” 

10 ”" 

lO "^0 

I 0 "!> 

IO“* 

10-1 

IO“* 


Tops 

I 

23-1 

23.2 

25.2 

25-3 

23.6 

25.0 

24.7 

26.2 

2 

21 .6 

23-7 

26.2 

24.6 

24.5 

25.2 

24.8 

24.7 

3 • 

23.8 

25-3 

26.3 

25-3 

24.6 

26 . 7 

26.6 

27 . 2 

4 

22.9 

26.2 

24.4 

26.7 

24.4 

25.2 

24.9 

22.4 

s 

22 . 7 

26.9 

24-5 

25-4 

24.1 

26.3 

27-3 

2 S -4 

6 

20.3 

26.0 

23.6 

26.0 

26.8 

27.6 

25.5 

24.6 

7 

22.3 

23.8 

25.6 

22.6 

24.2 

22.6 

22.9 

22.7 

8 

22 . 2 

24. 1 

23-3 

24.0 

22.4 

23-7 

24.9 

24.0 

9 

19.4 

23-5 

23.6 

28.1 

23-7 

26.2 

21 . 7 

24.8 

10 

20.3 

26.1 

25.0 

25.0 

22.6 

20.9 

29.4 

22.4 

II 

20.4 

23-6 

22.5 

22 . 1 

24 . 2 

22.0 

22.8 

23-5 

12 

21 .1 

23-0 

23.0 

23.8 

26.4 

24.8 

22.7 

24.8 

Sum 

260.1 

29 S -4 

293.2 

298.9 

291.5 

296 . 2 

298.2 

292 . 7 

Average 

21.7 

24.6 

24.4 

24.9 

24-3 

24.7 

24.9 

24.4 


Roots 

I 

12. 1 

ii-S 

9.1 

II .2 

10.5 

II . 2 

10.4 

10.8 

2 

10.7 


10. 5 

10.8 

15-3 

II. 3 

9.3 

9.1 

3 - 

13-8 

12.0 

II. 3 

II. 3 

10.5 

II .6 

II. 7 

10.3 

4 - . 

II . 2 

12 . 7 

9.2 

10.8 

10.9 

14.3 

II . 2 

13.8 

s- - 

10. 0 

12. 1 

13-8 

II .6 

II. 8 

II . I 

12.5 

10.4 

6. 

II . 2 

13.0 

10.4 

9.6 

13.6 

12.4 

II . 3 

10.4 

7 

9-6 

9.2 

12.5 

10. 1 

II .1 

8.7 

8.8 

8.7 

8 

10.4 

9.2 

9.8 

II. 7 

9.4 

II. 3 

12.7 

10.7 



8.4 

9.4 

8.2 

13. 1 

9-4 

10.8 

8.4 

9-3 

10 

II . I 

13.0 

12. 1 

II. 8 

10.5 

12.5 

15.6 

9.6 

II ........... . 

8.7 

9.8 

12.0 

13. 1 

10.8 

10. 1 

10.4 

9.2 

12 

10. 0 

8.S 

9-5 

9.8 

II. 7 

10.2 

10.7 

II . 2 

Sum. ... . . . . 

127.2 

131-9 

128.4 

134.9 

135 . 5 

135 -5 

133.0 

123.5 

Average .... . 

10.6 

II .0 

10.7 

1 1 . 2 

II . 3 

1 1. 3 

II . I 

10.3 


II. The tops and roots of each row were harvested separately on May 12, and 
their dry weights were determined. Table 5 shows a summary of results, analysis 
of which shows no significant differences owing to the treatments. 
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Experiments VI, VII, VIIL — Tomato plants were used in three experiments 
in which phenylacetic acid was used in the nutrient solution. Experiments VI and 
VII were conducted at Beltsville, Maryland, and experiment VIII at Chicago, 
Illinois. Tomato seeds were planted in quartz sand and watered with the com- 
plete nutrient solution as previously described. The first application containing 
phenylacetic acid was made when the plants were 3-4 inches in height, and sub- 
sequently two or three times during each succeeding week. The phenylacetic acid 
was first dissolved in ethyl alcohol and then added to the nutrient solution. The 
concentration ranged from i part in 10,000 to i part in 1,000,000,000,000. Nine 

TABLE 7 


Dry weight of tops and roots of tomato plants under various treatments 
OF experiments VI, VII, and VIII, EXPRESSED IN 
GRAMS DRY WEIGHT PER 8 PLANTS 


Concentration 

OE PHENYLACETIC 

ACID 

Experiment VI 

Experiment VII 

Experiment VIII 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 

lo"’-* 





43-5 

48.2 

50 - 4 

5 1- I 

53.5 

51.0 

II .0 

12.0 

12. 1 

12 . 2 
12.05 

12 . 1 

IO ~5 

24.4 

24.9 

24.7 

24.3 

24.9 

24.4 

24.6 

10.3 

II .1 

11. 3 

II . 3 

II . 2 

10.7 

II .0 



10“^^ 

97.9 

29.0 

lo""” 

IQ-* 

00 

c^ 

27-5 

id ~^ 





10“” 





10“^® 

94-5 

950 

96.1 

295 

27.8 

27.1 



0 

21 .7 

10.6 

Si-S 

12. 1 

0* 







‘■'Plus alcohol. 


to twelve replications of each treatment were made, using eight crocks as a unit. 
The plants were harvested at the time of their first blooming. Statistical analyses 
were made of the total dry weight of the plants. 

For experiment VI, tomato plants 3-4 inches high received their first treatment 
on June 30. Eight different treatments were used, and twelve replications of each 
were made. The concentration of the phenylacetic acid ranged from lo™^ to io“^L 
A control to which no acid was added was used for comparison. A 200-cc. solm 
tion was added to each pot containing one plant, two or three times a week. The 
plants were harvested when the first blossom cluster opened, on July 30. All 
plants receiving treatments with the acid showed approximately a 15 per cent in- 
crease in top growth over that of the controls and approximately a 7 per cent in- 
crease in root growth. The results are given in table 6, which is representative of 
the data taken in all three experiments. 
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Experiment VII, also run at Beltsville, was conducted to determine whether or 
not greater dilutions of phenylacetic acid would result in increased growth. More 
favorable weather conditions prevailed during the course of this experiment than 
in the case of experiment VI, so that the plants grew larger. The tomato plants 
received their first treatment August 16. The acid was applied in concentrations 
of and Two controls were used, one containing nutrient solution 

alone, the other containing nutrient solution plus the amount of alcohol used as a 
carrier for the acid. The plants were harvested when the third blossom cluster 
opened, on September 30. Dry weights of tops and roots were determined. No 
significant differences between the plants receiving the various treatments were 
obtained in this experiment (table 7). 

Experiment VIII, carried on in Chicago, ran concurrently with experiment VI. 
The concentration range of phenylacetic acid used was from to 10"^ The 
plants received their first application August 14. Three treatments per week were 
administered. The plants were harvested September 23. The stronger concentra- 
tions, and produced a decrease in both top and root growth. A slight 
increase in top growth (approximately 5 per cent) was obtained as a result of 
treatments with the acid in the concentration of io“^ 

Discussion 

Mitchell and Stewart (5) found that when alpha naphthalene acetamide was 
applied in high concentrations as an emulsion spray to the tops of bean plants, 
increased root growth and decreased top growth resulted. When applied in low 
concentrations, top growth was increased. When applied in lanolin paste to de- 
capitated bean plants, mobilization of solid materials toward the treated region 
resulted. Kraus and Mitchell (i), in a later experiment, found that spraying 
the tops with an emulsion of alpha naphthalene acetamide also resulted in increase 
of the amount of cell-wall thickening and development of secondary xylem in the 
stem and petioles. 

Mitchell (4) reported that when a lanolin mixture of alpha naphthalene aceta- 
mide was applied to the stem of bean plants the percentage of starch, dextrin, and 
sugar in the roots, hypocotyls, and first internode was greater than in control 
plants. He also reported an inhibition of the translocation of carbohydrates from 
the leaves. Laude (2) reported increased root growth of bean when low concen- 
trations of naphthalene acetamide were supplied in the nutrient solution. 

In the present investigation, when naphthalene acetamide was supplied in the 
nutrient solution, the plants reacted in a manner somewhat similar to those to 
which it had been supplied as a spray or in a lanolin paste. Leaf expansion was 
inhibited and curling and thickening of the leaf blade was noticeable. Relatively 
less growth of the tops was one of the most striking reactions. Root growth was 
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greater than that of the controls by as much as 37 per cent in some cases. The 
percentage of calcium, phosphorus, and nitrogen in the tops was greatly increased, 
although the absolute amount was less because of the less amount of total growth 
made by the treated plants. 

The increased root growth might be explained by the diversion of carbohy- 
drates to the roots, which may in part account for the relative percentage increase 
of calcium, phosphorus, and nitrogen and their accumulation in the tops. The in- 
creased ash content of the tops of the treated plants is correlated with decreased 
top growth. The greater root growth was accompanied either by no change in 
calcium and phosphorus of the root .or by a percentage decrease in both of them. 
Thus the percentage of calcium and phosphorus in the plant tissue is apparently 
negatively correlated with the total dry weight. 

In the control plants grown with an adequate supply of all the minerals, the 
percentages of calcium in the tops and in the roots were approximately the same, 
while in some of the plants treated with the acetamide the calcium content was 
two and one-half times as great in the tops as in the roots. Compared with their 
respective controls, there was a much wider difference between the calcium and 
phosphorus contents of the tops than of the roots on the basis of increased content 
of acetamide in the nutrient solution. The ratio of the calcium of the tops to that 
of the roots of the untreated plants was 1:1, while that of the treated plants was 
2.5 : 1. The ratio of top to root growth of the control plants was 4: i, while that of 
the treated plants was 1:1. There would appear to be an inverse relationship be- 
tween the top-root ratio of dry matter and the top-root ratio of calcium content. 

As reported by Mitchell and Stewart (5), increased top growth resulted from 
spraying the tops of bean plants with dilute emulsions of naphthalene acetamide; 
in the experiments reported here in no instance was an increase obtained when this 
substance was supplied in the nutrient solution. Greatest increase of root growth 
resulted when a concentration of 0.34 mg./l. of naphthalene acetamide was sup- 
plied in the nutrient solution; increase of root growth, as reported by Mitchell 
and Stewart, resulted when 625 mg./l. was used as an emulsion spray. 

When alpha naphthalene acetamide was applied to the tops in the form of a 
spray in a manner similar to that reported by Mitchell and Stewart (except 
that the plants were allowed to grow much longer after the initial treatment), the 
plants showed a slight depression of top growth and dry weight and no differences 
in dry weight of the roots. No increase was found in the content of the upper- 
most leaves or stems owing to the spray applied. There was, however, greater 
content of calcium in the tops in those cultures where there was less phosphorus 
in the nutrient solution; but this difference was independent of any of the spraying 
treatments. 
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Summary 

1. Alpha naphthalene acetamide when applied in the nutrient solution results 
in less top growth and increased root growth of Red Kidney bean plant. 

2. Relative percentage contents of calcium, phosphorus, and nitrogen in the 
bean plant are increased by the presence of naphthalene acetamide in the nutrient 
solution. 

3. The xylem and phloem mature earlier and are more extensive in the roots 
of bean plants treated with naphthalene acetamide in the nutrient solution. 

4. Spraying the tops of bean plants with naphthalene acetamide did not result 
in increase of calcium or phosphorus content in the top leaves or stems, or result 
in increased dry weight of the plants. 

5. Phenylacetic acid when supplied in the nutrient solution to bean plants did 
not significantly increase the total dry weight. 

6. Phenylacetic acid when supplied in the nutrient solution to Bonny Best 
tomato may increase top and root growth in young plants. The evidence, how- 
ever, is not conclusive. 

Department oe Botany 
University of Chicago 
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POLARITY OF AUXIN TRANSPORT IN INVERTED 
TAGETES CUTTINGS' 

F. W. WENT 
(with one figure) 

Ever since the early work on regeneration of roots and outgrowth of buds on 
cuttings, the polarity of this phenomenon has been stressed. Notable exceptions to 
this behavior were found only in branches with preformed root primordia. More 
recently it was shown that a reversal in the polarity of root formation could also be 
achieved by applying high concentrations of auxins or auxin-like substances. 
Then roots appear at the place of application regardless of the original polarity of 
the plant. 

This polarity in organ formation was demonstrably due to polar auxin transport 
within the branch. It had not been possible to reverse the polarity of auxin trans- 
port in the living cell (i), and the apparent lack of polarity in certain experiments 
could be attributed to auxin leakage through nonliving tissues (3) or along wet 
surfaces (7). For these reasons it seemed of interest to study the polarity of auxin 
transport in stem pieces which were functioning in a polarly inverted direction. 

The question was: If a piece of stem has produced shoots near its original base 
which are supplied with water and salts through roots which developed near its 
original apex, in which direction will the auxin then move through the stem? For 
it is clear that in this case water, salt, and organic food transport are inverted. 

To produce such stem pieces with inverted food transport, cuttings of Tagetes 
were made so as to include 2-3 nodes. They were placed either with their base or 
with their apex in auxin solution and then planted in sand. Figure i shows the 
position of the cuttings. In this figure and throughout the following discussion, 
apex and base will be used to designate the original or morphological apex and 
base of the stem piece, irrespective of its position toward gravity. In both cases 
roots developed at the treated region of the cutting. The axillary buds on the 
middle nodes were removed, and thus in the upright cuttings only the buds near 
the apex grew out, and in the inverted cuttings only those at the original base 
grew out. This left a portion of stem approximately 10 cm. long between roots and 
growing lateral shoots, which was ample for auxin transport determination. 

The first inverted cuttings tested were kindly supplied from the greenhouses at 
Beltsville by Dr. E. J. Kraus. Although the cuttings were not in the best condi- 

^ Report of work undertaken as part of a cooperative project between the California Institute of 
Technology and the Bureau of Plant Industry, U.S.D.A. 
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tion upon arrival in Pasadena, the following results with auxin transport were 
obtained. Stem sections 6—8 mm. long were cut from the inverted stems (fig. i, 2) 
and from the normal lateral shoots (fig. i, j). They were each placed on a i-mm. 
thick agar block 5X5 mm. An agar block of the same dimensions containing 
10 mg./l. or so mg./l. indoleacetic acid was placed on top of the section, and 2 
hours later the bottom blocks were analyzed (after cutting them into four pieces) 



on four standard Avena test plants each. In eight stem pieces from lateral shoots 
in which normal apex-to-base auxin transport was tested, three clearly showed 
transport. In eight pieces with inverse transport all tests were negative. It can be 
concluded that the lateral shoots on these inverted cuttings have normal polar 
auxin transport. In nine sections from the inverted part of the cutting, in which 
auxin moved from original apex to base, five gave transport out of nine. Of nine 
sections with auxin applied at the base, seven gave strong transport. Thus the 
polarity in auxin transport had disappeared in the inverted stem portion of the 
cutting. 
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In a subsequent set of tomato and Tagetes cuttings, made in winter, the original 
polarity was still much in evidence in the inverted cuttings, and only a few indica- 
tions of inverted auxin transport were found. 

A conclusive set of auxin transport determinations was carried out on Tagetes 
cuttings made July 25, 1939. All cuttings had two nodes and were treated, either 
at the base or the apex, with 100 mg./l. indoleacetic acid for 18 hours. They were 
potted on August 2, when all had formed large numbers of roots at the treated end. 
In table i all auxin transport determinations with these cuttings have been com- 
piled. In most cases two rows of twelve test plants each were used to determine 
the amount of auxin transported through the 6-8 mm. stem sections. The values 
of both test rows are included in the table. It will be seen that there is considerable 
variability in the auxin transport, but that qualitatively the figures leave no room 
for doubt. In the main stem of normal upright cuttings auxin moves readily from 
apex to base, but (except in one case, presumably an experimental error due to 
inversion of the stem section) no auxin is transported from base toward the apex. 
In the inverted cuttings the inverted stem between roots and insertion of the 
lateral branch (fig. i, 2) has a different behavior. Immediately after inverting the 
cuttings the polarity was still normal. After lateral shoots were well developed, 21 
days after inversion, this original polarity was still very pronounced, but small 
amounts of auxin seem to move already in base-to-apex direction. 

Two, 3, and 6 weeks later, a strong auxin transport, almost as great as in the 
apex-to-base direction, was found in the inverse direction. There is no doubt about 
this effect, which agrees with that found in the preliminary determinations. It is 
interesting that the polarity as such is not reversed, but that the auxin transport 
in the original direction continues at about the same rate and that a second auxin 
transport in the opposite direction is added. This is brought about by the inverse 
position of roots and shoots in regard to the old stem, and it is not a function of the 
effect of gravity. This is indicated by the auxin transport through the inverted 
stem portion basal from the lateral shoots {4 in fig. i and table i). With both 
roots and shoots inserted apically no inverse auxin transport developed, nor was 
there any disturbance of polarity in the lateral shoots of inverted cuttings. 

This physiological polarity is in perfect agreement with previous views, espe- 
cially by Vochting, concerning morphological polarity of plant organs and tis- 
sues. Vochting (4) had concluded from anatomical evidence that every living 
cell has a polar structure, and that the morphological and physiological polarity of 
organs is due to the polarity of their cells. Especially convincing was the evidence 
in his experiments with inversely implanted pieces of Beta vulgaris roots. Although 
in many cases junction of the tissues of host and graft occurred, irregular over- 
growth indicated that they differed from normally implanted grafts. Ahatomical 
investigation showed that where two apical or two basal ends of tissues were in 


WENT—TAGETES 


3S9 


1941] 

juxtaposition, no direct vascular connections between them were established. But 
always the cells growing out from both apical or both basal ends seemed to repulse 
each other, bending around in a half circle, so that ultimately when the cells from 
graft and host joined they had the correct polar position of base adjoining apex. 
A polar reversal of the implanted tissue was never observed, nor a base-to-base 
junction of cells, so that the polarity of the cell was also absolute. Later Vochting 
(5) drew the same conclusions from grafting and regeneration in Brassica oleracea 

TABLE 1 

x\MOUNT OF AUXIN (IN DEGREES STANDARD AVENA TEST CURVATURES) COLLECTED AT ONE END 
OF STEM SECTIONS OF TAGETES CUTTINGS 6-8 MM. LONG, WHEN 50 MG./L. INDOLEACETIC ACID 
IS APPLIED AT OTHER END. EACH VALUE IS MEAN OF AT LEAST 12 TEST PLANTS. NUMBERS IN 
BRACKETS REFER TO STEM PORTIONS OF FIGURE i (A-B, APEX TO BASE TRANSPORT; B-A, BASE 
TO APEX TRANSPORT) 


Days be- 
tween MAKING 

CUTTINGS 

AND AUXIN 

TRANSPORT 

TEST 

Normal upright cuttings (i) 

In\'’ERSE CUTTINGS (2) 

Lateral 

SHOOTS 

ON IN- 
VERSE 

CUTTINGS 

is) 

Inverse 

cutting: 

PORTION 

OP main 

STEM 

basal op 

LATERAL 

SHOOTS 

( 4 ) 

Apex to base 

TR.AN sport 

Base to apex 

TR.ANSPORT 

Apex to base 

TRANSPORT 

Base to apex 

TRANSPORT 

A-B 

Mean 

B-A 

Mean 

A-B 

Mean 

B-A 

Mean 

A-B 

B-A 

A-B 

B-A 




12.4 

159 

12 . 7 

16 . 8 
16.6 



0-5 

0-5 

0.9 

0.6 

0.2 











21 

36 

43 

66 

Mean . . . 

17.6 

13-7 

13.8 

15.2 

14.2 
II . 7 

19.9 
18. 1 

0.7 
0.7 
0.6 
0 . 2 

0.3 

1 .1 
(ii.o) 
0-3 

II .6 

12 . 1 
16.7 
31-4 

7-9 

16.6 

12.5 

27.0 

9.7 

14.3 

14.6 

29.2 

1 .1 

7.7 

5.8 
6.0 

2.7 

II .6 
II. 4 

18.3 

1.9 

9.6 

8.6 
12 . 1 

21. s 

0-5 

26.0 

o-S 


14.9 


0.5 


16.9 


8.0 

21.5 

0.5 

26.0 

o.S 


tubers. Development of inverted cuttings of Salix (6), rooted at their apex, con- 
firmed the earlier results. In the beginning, growth of these cuttings was slow, but 
in many the original inhibition was overcome in the course of years. Then a large 
overgrowth had developed on such a cutting. The polarity of the cells in this over- 
growth was irregular, but finally— where this overgrowth touched the thickened 
adventitious root — a continuous series of cells with base-to-apex junctions joined 
shoot with root. Thus in addition to the inverted tissues of the original stem, new 
tissues with the opposite polarity had developed. In an extensive anatomical 
study, Neefe (2) also found that with inversion of function in stems and roots a 
reorientation of cells occurs, which finds its origin in form changes of the cambial 
cells. They bend around, and the new vascular tissue derived from these reversed 
cambial cells has also an inverted morphological polarity . 
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These cases give a probable explanation of the behavior of polar auxin transport 
in inverted Tagetes cuttings. The mature cells of the stem all retain their original 
polarity; therefore auxin transport in the basal direction remains unchanged. In 
line with Vochting’s and Neeff^s results, it has to be assumed that the outgrowth 
of buds basally from the roots results in the laying down of new tissues or perhaps 
new vascular bundles. In these new vascular elements, connecting root and shoot, 
the cells have the opposite polarity for auxin transport. As a result the gradual 
development of an auxin transport from original base to apex would be expected, 
not interfering with the existing polar mechanism and starting some time after 
rooting of the inverted cutting. It is likely that such a new vascular system with 
opposite physiological polarity could be observed anatomically. This still remains 
to be done. With this explanation as a good possibility, there is no certain basis as 
yet for assuming that the polarity of auxin transport in a cell can be inverted, even 
though the organ in which the cell occurs may be functioning in an inverted posi- 
tion. 

Summary 

In inverted Tagetes cuttings, which have developed roots at their original apex 
and shoots near their base, the original polar auxin transport persists, but in addi- 
tion a new auxin transport from the original base toward the apex develops. The 
first indication of this inverse transport occurs 3 weeks after starting the inverted 
cutting, and after a month both normal and inverse auxin transports occur simul- 
taneously in the inversely functioning portion of the stem. 

California Institute of Technology 
Pasadena, California 
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SYNTHETICALLY PRODUCED SUBSTANCE B 


CLAIR L. WORLEY 

Introduction 

Nielsen and Hartelius (2) succeeded in forming substance B by chemical 
means. Their first results were obtained by autoclaving the Rhizopus-miiiimt- 
solution” in the presence of filter paper and assaying by dry weight yields of Asper- 
gillus niger. They also showed that the mineral salts played no part, while the im- : 
portant factors were the nitrogen source, the carbon source, and the filter paper. : 
Various nitrogen sources were tried, and the results indicated that all organic 
ammonium salts were effective, that NH4CI had no effect, and that NaN03 pro- 
duced an inhibiting factor. Tests with various carbon sources showed that all were 
more or less effective. Six different filter papers were tried, and Schleicher and : 
Schull no. 597 proved to be the most effective. They also state that the ash of the I 
filter paper gave results similar to those of the filter paper itself. This synthesized : 
substance not only functioned similarly to substance B of the Rhizopus filtrate, but : 
also — like the- latter- — it was soluble in water, insoluble in ether, and stable to 
oxidation by perhydroL 

In a subsequent paper (3) , these workers demonstrated the production of this 
active substance by autoclaving 2 per cent lactic acid and 2 per cent glucose, at 
135° C., with filter paper or products obtainable from it. These last in decreasing I 
order of effectiveness are: filter paper, ash of filter paper, HCl-soluble substances. 
Nielsen and HARTELrus also produced this active factor by autoclaving glucose 
and ammonium tartrate in the presence of ZnS04. Their ultimate conclusions 
were: {a) filter paper has little or no effect on the growth of Asp, niger ^ but serves 
with substance B as a co-factor; {b) substance B can be formed chemically by 
autoclaving a nutrient carbon source and an ammonium salt in the presence of 
ZnS()4, filter paper, or various fractions of the latter. 

Dagys (i) obtained similar results. He showed that autoclaving malic acid, or 
one of its salts, and fructose in the presence of filter paper resulted in the formation 
of a substance (substance B?) effective with Asp, niger. He likewise showed that 
the ash of birch sap would adequately substitute for the co-factor of the filter 
paper. He, like Nielsen and Hartelius, demonstrated that the physico-chemical 
properties of the synthetic substance B were similar to the one prodiiced metaboli- 
QBAyhj'Rhiz, suinus. 

Several series of experiments were arranged to retest the results of the investiga- 
tors just referred to, at the same time using another oxgomsm^ Rhiz, suinus , and 
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with the hope of obtaining a better insight into the processes taking place. Any 
methods or procedures not outlined in detail below have been so treated in a 
previous section of this report (4) . In several of the following experimental tests 
filter paper and a nutrient solution are required. Unless stated to the contrary, the 
filter paper used was Reeve Angel no. 202, circles 25 cm. in diameter. The follow- 
ing stock solutions were prepared and used in these tests. 


NH4-tartrate (40.912 gm. per liter) 25 ml. 

MgS04-7H20 (9.860 gm. per liter) 5 ml. 

KH2PO4 (10.900 gm. per liter) 5 ml. 

Dextrose (66.700 gm. per liter) 15 ml. 

Ferric tartrate (o.i saturated solution) 3 drops 

H2O (distilled) 50 ml. 


Total 100 ml. 


The data presented in tables 1--3 represent several replicas; enough to assure a 
biological significance of the results (that is, the factor F represents the mean of 
nine original values). 


Experimentation 


I. Effect of varying quantity of filter paper used 


In this test the filter paper quantity, which is specified in each of the following 
solutions, was separately shredded, suspended in water, autoclaved for 20 minutes 
at 15 pounds’ pressure, cooled to room temperature, and filtered. These solutions 
are : 


C 

1 part 

2 parts 
4 parts 
8 parts 

16 parts 
32 parts 


= control (distilled H2O only) 

= I piece filter paper in 50 ml. H2O 
= I piece filter paper in 100 ml. H2O 
= I piece filter paper in 200 ml. H2O 
: I piece filter paper in 400 ml. H2O 
= 2 pieces filter paper in 800 ml. H2O 


Each of these aqueous solutions was filtered and reduced to 50 ml. by partial 
evaporation, prior to testing. This was then combined with the other stock solu- 
tions (with 25 ml NH4-tartrate solution, 5 ml MgS04-7H20 solution, etc.). This 
procedure yielded 100 ml. of each test solution. These were portioned into 2S-ml. 
aliquots and placed in 125-ml. Erlenmeyer flasks, sterilized by autoclaving, inocu- 
lated with the Rhizopus spores, and cultured under the standardized conditions. 

The results in table i confirm those obtained by Nielsen and Hartelius (2, 
3) and by Dagys (i), suggesting that filter paper contains a co-factor for certain 
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microorganisms. Although the extent of growth was related to the quantity of 
filter paper used, the increases were less than those previously reported (3). With 
this confirmation of the beneficial effect of filter paper, an effort was made to in- 
vestigate the specific agencies involved. 


TABLE 1 

Effect of increased concentrations of co-factor in 

FILTER PAPER ON GROWTH OF RHIZ. SUINUS 


Culture 

Average dry 

WEIGHT OF 

Rhizopus 

MYCELIUM (mg). 

F±SE 

Sporulation 

Control 

81.6 

1 .00 

_| — p 

I part 

83.2 

1.02 + 0.009 

-h++ 

2 parts 

8g.6 

1.10 + 0.015 

+ + + 

4 parts 

95-0 

1 . 16 + 0.009 

-4.4-4- 

8 parts 

96.7 

1 . 18 + 0.012 

-+-f + 

16 parts 

102 . 8 

1 . 26 + 0.025 

-f + -f 

32 parts 

104.3 

r .32 + 0,0.11 

-+- + + 


IL Effect of filter paper when treated variously 

In this series of experiments each of the following reagents was autoclaved with I 
50 ml. of water and | sheet of filter paper. The paper was removed by filtration, I 
and the filtrate, after cooling, was brought to mark. To this filtrate was added the 
remaining stock solutions, as in test I. The substances constituting the solutions | 
of the original autoclavings are : 

C. No filter paper (control). I 

I. Filter paper T- all stock solutions. 

IL Filter paper-f- water. i 

III. Filter paper +NH4- tartrate solution. ; 

IV. Filter paper-l-MgS04 solution. 

V. Filter paper+KH2P04 solution. 

VI. Filter paper + dextrose solution. 

VII. Filter paper+ferric tartrate solution. 

VIII. Filter paper ashed in muffle furnace; ash added to nutrient | 

solution, prepared by combination of stock solutions; mixture | 

agitated for 30 minutes, then filtered and autoclaved. 

IX. Similar to VIII, except filter paper treated with 5 ml of con- 
centrated HCl prior to ashing. l 

The data of table 2 show the following order for the various test solutions, j 
given in their respective degree of effectiveness on the stimulation of dry matter j 
production : (i) Autoclaving the filter paper with the NH4-tartrate solution and | 
then adding the other nutrients gave the most effective solution. This was fol- ' 
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lowed closely by a solution prepared by treating the nutrients with a HCl-ash of 
the filter paper. (2) Significantly lower in effectiveness was the solution which 
resulted by autoclaving the filter paper with the dextrose solution alone and then 
adding the other compounds. (3) Filter paper autoclaved in water, when supple- 
mented with the other compounds, gave the next lower stimulative power. (4) The 
ash of filter paper, plus all the nutrients, ranks next, (5) Four substances when 
autoclaved separately with filter paper produce solutions which constitute the 
fifth class: MgS04, KH2PO4, all stock solutions, and ferric tartrate. (6) The con- 
trol, which contained no filter paper or products thereof, was markedly lowest. 

TABLE 2 


Methods in production of synthetic substance B 


Culture 

Average dry 
WEIGHT OP Rhi- 
ZOPUS MYCELIUM 
(MG.) 

F±SE 

Sporulation 

Control 

79-8 

1 .00 

++ 

1 

98.3 

1.23 + 0.009 

4 -f+ 

II 

104.2 

1 .31 ±0.008 

: 4 -f-{- 

Ill 

II 3-4 

1 .42+0.018 

"i"-!--}- 

IV 

100.8 

1 . 26 + 0.010 

+++ 

V. 

100.8 

1 . 25+0.008 


VI 

107,1 

i.34±o.oi7 

+-f+ 

VII. 

97.6 

1.22 + 0.008 

4 -f-h 

VIII.... 

102.9 

1.29+0.011 

H — 

IX 

no. 5 

1 .39+0.018 

4 -H-+ 


Since autoclaving the filter paper with either NH4-tartrate or dextrose resulted 
in a greater stimulating value than when filter paper was autoclaved with water 
alone, it might be inferred that the co-factor enters into an organic salt combina- 
tion chemically to form a growth factor for the Rhizopus. No explanation is of- 
fered to account for the lower value obtained when all the stock solutions were 
autoclaved with the filter paper. Since the ash, and especially the HCl ash, will 
substitute for the filter paper itself, it is most probable that this co-factor is in- 
organic in nature. 

III. Further methods in production of synthetic substance B 

It was realized from the preceding that the reautoclaving, necessary for steriliza- 
tion, introduced a factor which precluded definite proof that this co-factor did 
combine with one of the organic compounds and not with one or more of the com- 
pounds used. It was deemed advisable, therefore, to prepare and to test the follow- 
ing solutions: 
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C. Control. 

I. Filter paper autoclaved with all stock solutions, then removed 
by filtration and filtrate sterilized and tested. 

II. Similar to I, except that the Reeve Angel filter paper was re- 
placed by an '“'ash-free” paper, Whatman no. 42. 

III. Filter paper and NH4-tartrate solution autoclaved and paper 
then removed by filtration. Filtrate sterilized by autoclaving. 
Remaining stock solutions mixed in proportions specified and 
heat sterilized, then mixed and tested. 

IV. HCl-ash suspended in water for 30 minutes, filtered, and filtrate 
retained. Stock solutions added to filtrate and mixture heat 
sterilized. Resultant solution tested. 

V. liCl-ash suspended in water for 30 minutes, filtered, and filtrate 
sterilized by autoclaving. Stock solutions mixed and heat steri- 
lized, then mixed and resulting mixture tested. 


TABLE 3 

Methods in production of synthetic substance B 


Culture 

Average dry 

WEIGHT OF RhI- 

ZOPUS MYCELIUM 

(mg.) 

F+SE 

SPORULATION 

C 1 

84.1 

1 .00 

+ 4 - 

1 i 

107.8 

1.28 + 0.015 

-j — [_ 

II 

98.6 

1.17+0,013 

+ 4 -+ 

Ill 

86.9 ! 

1. 03+0. 019 

4 - 4 - 

IV 

102.6 i 

1.22+0.022 

4 - 4 - 4 - 

V 

73-4 1 

0.87+0.015 

+ 4 - 4 * 


The data of table 3 indicate that the slight augmentation in yield for the culture 
growth on test solution III, as compared with the control, is without significance. 
This f act tends to prove that the autoclaving of filter paper with the NH4-tartrate 
solution does not result in a chemical formation of substance B. However, it does 
result in the growth factor formation when both the nitrogen- and carbon-nutrient 
sources are present, as shown by the results with the first two solutions. A tenta- 
tive explanation for the discrepancy between the stimulative powers of the NH4- 
tartrate treated solutions in the two tests is as follows, fop the value of 1.42 for 
culture III in table 2 and for the value of 1.03 for culture III in table 3. In the 
former test, the second autoclaving permitted a reaction, at high temperatures, 
between the soluble substances of the filter paper and all the compounds used. In 
the latter test, a reaGtion of the NH4-salt and the paper alone was possible at the 
higher temperatures. A comparison of these two results would lead to the inference 
that the autoclaving of NH4-tartrate and filter paper does not result in a sig- 
nificant production of synthetic substance B. 
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The acceleration of growth resulting from the use of the “ash-free” paper, 
Whatman no. 42, as compared with the other, indicates the possibility that per- 
haps the co-factor is not metallic. This ash-free paper does contain, however, traces 
of metallic ions and leaves a small but perceptible ash, when treated in a muffle 
furnace. A comparison of the results obtained with test solutions IV and V gives 
an interesting picture of the possible mechanism involved. The metallic ions, ob- 
tained by ashing filter paper, are toxic in themselves but do result in the formation 
of a marked stimulator when autoclaved with the stock solutions. 

Tentative conclusions 

1. Commercial filter paper contains a water-soluble co-factor for Aspergillus 
niger and Rhizopus suinus. 

2 . This so-called co-factor is possibly metallic in nature and tends to be toxic to 
the vegetative growth of R, suinus^ when used singly. 

3. The co-factor enters into the synthetic formation of a growth factor, of the 
substance B group, when autoclaved with an organic ammonium salt and a sugar. 

4. This chemically formed substance B may be an organic salt of some trace 
element, which is in accord with the suspected nature of the biologically produced 
substance B. 

Sincerest thanks are hereby extended to Dr. B. M. Duggar, under whom this 
work was conducted and the protocol of this paper prepared. 

Botany Department 
University of Georgia 
Athens, Georgia 
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EFFECT OF VITAMINS ON GROWTH OF RADISH 
AND CAULIFLOWERS 


E. C. MINNUM 

It lias been stated that the use of vitamins Bi and B2 added in solution to intact 
plants grown in sand or gravel with added nutrients results in increased growth 
(1,2). Others have not been able to obtain these effects (3,4), either in sand cul- 
ture or in ordinary garden soil. In most of these experiments the concentration of 
Bi used was o.oi mg. per liter of solution, with a few reporting quantities up to 
I mg. per liter. This paper reports the effects of higher concentrations. 

Experiment with radish 

Eight-inch clay pots were painted on the inside with a special nontoxic asphalt 
paint and filled with a no. i , fine quartz sand. The hole in the bottom of each pot 
was plugged with glass wool. All pots were leached three times with distilled water 
previous to planting the seeds. 

Approximately twenty untreated seeds of Scarlet Globe radish were planted in 
each pot to a uniform depth, and these were later thinned to an even stand of 
eight plants per pot. Each treatment consisted of five replications, so that there 
was a total of forty plants per treatment. The pots were randomized on the green- 
house bench by drawing numbers out of a box. 

The experiment was set up in the 50^-60° F. greenhouse on November 28, 1940, 
at Ithaca, New York. The mean daily temperature was close to 57® F. No addi- 
tional light was given, the plants receiving only that normal for the period. With 
the exception of a few sunny days the weather was mostly overcast during the 
growing period, there being 27 per cent of possible sunshine in December and 27 
per cent in the following month up to January 22. 

Hoagland's nutrient solution plus minor elements were added at intervals of 
3 or 4 days in amounts sufficient to leach through the pot. Distilled water was 
added on a few occasions, usually after a sunny day. All pots were thoroughly 
leached with distilled water once a week. 

Pure crystalline vitamins Bj, B2, and Be were used. Fresh solutions were made 
up each time the pots were treated by weighing out the necessary number of milli- 
grams of the vitamin and adding a sufficient amount of distilled water so that i ec. 
of the solution contained i mg. of the vitamin. From these stock solutions dilu- 

^ This iEvestigation was financed largely by funds provided by the Grange League Federation, Ithaca, 
New York, and Nopco Laboratories, Harrison, New Jersey. Paper no. 238, Department of Vegetable 
Crops, Corneil University, Ithaca, New York. 
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tions were made for those treatments requiring smaller amounts of the vitamins. 
Vita Flor, a commercial compound containing o.i per cent of vitamin Bi, 0.5 per 
cent nicotinic acid, and traces of vitamins B2, Be, and pantothenic acid, was also 
included. 

The vitamins were added to sufficient water to make 300 cc. of solution per pot 
per treatment, while the checks were given 300 cc. of distilled water, x^dditions of 
the vitamins were generally made on the morning following application of the 
nutrient solution. Vitamins were applied on December 5, 9, 14, 17, 20, and 23, 
1946, and January 1, 4, 8, 12, and 15, 1941. The radishes were harvested on Janu- 
ary 22. 

Growth of the plants was steady, considering the amount of cloudy weather 
prevalent during the short days of winter. A slight light green area was noticed 
around the margin of the leaves of many of the plants. This cannot be attributed 
to the treatment as it was present also on the adjacent greenhouse bench where the 
same seed was used in a fertilizer experiment in soil with different levels of N, P, 
and K. No one fertility level had more leaves with light green margins than an- 
other, so apparently this was a genetic factor rather than nutritional. 

To check the effect of the vitamin applications on the pH of the sand, composite 
samples were taken several hours after treatment from those pots receiving the 
highest applications of vitamins. The determinations were made by the quinhy- 
drone method, and the pH was found to average s.45™s*90, with the checks at 
S- 73 - 

When the plants were harvested on January 22, the majority of the roots were 
of ordinary market size. ■ The eight plants were pulled from each pot, the roots 
carefully shaken in water to remove adhering sand and then dried with paper 
toweling. Weights were made on a balance sensitive to o.oi gm. 

Table i shows the number of milligrams of vitamins applied per pot per treat- 
ment. The figures for the fresh and dry weights of the plants are the means for 
each treatment, consisting of five pots of eight plants each. While some individual 
treatments resulted in significant increases, none was significantly greater or less 
than the checks. No treatment, even those where 10 mg. of the vitamin was ap- 
plied per pot per treatment, had a significantly depressing effect on growth. Ap- 
parently 10 mg. of vitamins per pot was entirely without effect, either beneficial 
or detrimental. 

Experiment with cauliflower 

Cauliffower seeds of the variety Super Snowball were planted on November 24, 
1940, in flats of pure, washed, fine quartz sand. On December 1 1 they were trans- 
planted to 5-inch new clay pots that had been previously painted on the inside 
with the nontoxic asphalt paint. 

Ninety-six pots were placed in both the and 70^-80° F. greenhouses. 



'j. f V-.’ 


1941] MINNUM— VITAMINS 399 

The ninety-six pots in each house were divided, one-half being put on long day 
from January ii, 1941, to harvest on February 6, 1941, by using four loo-watt 
bulbs suspended approximately 18 inches above the surface of the leaves from 
5:00 to 11:00 p.M. Black cloth curtains hung on the four sides at 5:00 p.m. each 
day prevented the light from affecting adjacent plants. 

Twelve pots at each temperature from both the long- and short-day treatments 
were reserved as checks. Twelve were treated with o.oi mg. of vitamin Bi, twelve 
with o.i mg., and twelve with 0.5 mg. on the following dates: December 14, 19, 
23, and 28, 1940, and January 3, 7, ii, 15, 20, and 25, 1941. 


TABLE 1 


Treatment 

j Fresh weight (gm.) 

Dry weight (gm.)* 

Whole 

PL/VNTS 

Roots 

Tops 

Roots 

Tops 

O.OI Bi 

49 58 

27.46 

22 . 10 

1-45 

2.00 

0,5 Bi 

48. 42 

27.90 

20.52 

I • 54 

1. 81 

I .0 Bi 

40.14 * 

19.90 

20.24 

1 . 26 

1 .92 

5.0 Bi 

49.48 

27.04 

22.24 

1.48 

1.98 

lO.O Bi 

48.86 

26.02 

22.84 

1 . 2 1 

2.13 

O.OI Ba 

47-50 

25.64 

21.86 

1.44 

1.85 

0.5 Ba 

48 . 72 

24.18 

24.54 

1.36 

2.34 

I . 0 Ba 

50.26 

25.66 

24 . 60 

1 .40 

2.13 

5-0 Ba 

47.12 

25-36 

21 . 76 

1 . 17 

I -95 

10. 0 Ba 

38 . 66 

18.16 

20 . 50 

I. II 

1.93 

O.OI Be 

46.18 

24,04 

22 .1,4 

1.58 1 

2 .07 

0.5 B6 

45-34 

24 . 80 

20.36 

1. 41 

1 .98 

1 .0 Bfi 

44.56 

23-64 

20.92 

1.29 i 

1.99 

5 • 0 Bfi 

44.56 

22.06 

22.50 

1 . 28 

2 . 18 

lo.o Bf, 

42.38 

22.08 

20.30 

1.40 

1.77 

VitaFlor i cc 

40.22 

19-98 

20.24 

1. 17 

1.97 

Vita Flor 2 cc 

39-52 

21.10 

18.42 

1. 18 

1 .96 

Vita Flor 5 cc 

36.02 

17.26 

18.76 i 

0.98 

1.98 

O.OI Bi, B2, and Be ^ 

44.22 

23.58 

20.64 ' 

1 . 27 

1 .96 

0,1 Bi, Ba, and Be i 

47.90 

27-58 

20.32 

1.50 

1.99 

Check i 

43 -60 

25.68 

17.92 

1.36 

1 . 70 


* Differences not significant. Difference of 11.93 necessary for significance at odds of 19:1. 


Hoagland’s complete nutrient solution plus minor elements were added to the 
pots approximately every fourth day, and when necessary distilled water was add- 
ed between the nutrient applications. Freshly made vitamin solutions were used, 
dilutions being made from a stock solution containing i mg. of the pure crystalline 
vitamin per cubic centimeter of solution. When the vitamins were applied, they 
were so diluted that each plant received lo cc. of distilled water with the vitamin 
included. It was felt, especially during the early stages of growth when the plants 
were small, that if any effect was to be obtained, lo cc, of the solution would be 
more effective than the same amount of vitamin in a larger amount of water. 
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Growth was steady in both houses, and a few days after the lights were used 
increased growth was evident on those plants receiving the extra light. 

All plants were harvested on February 6. Weights were taken on a balance 
sensitive to o.oi gm. and the data subjected to analysis of variance. In neither 
house was there any significant difference between the treatments and their 
checks. 

N.Y. State College of Agriculture 
Cornell University 
Ithaca, New York 
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NUMBER OF CHLOROPHYLL COMPONENTS 

F. P. ZSCHEILE 

In 1934 the writer presented certain evidence (8) which indicated that normal 
green leaves might contain a third component, in the chlorophyll complex, in 
addition to components a and h which were originally found by Willst after and 
Stoll (6). The evidence for this additional component was incomplete and incon- 
clusive. Barker (i), Winterstein and Schon (7), and Mackinney (4, 5) pre- 
sented evidence unfavorable to Zscheile's suggestion of a third component. In 
the meantime, after the development of more refined methods for chlorophyll 
preparation and the availability of better absorption data on the products formed 
by treatment of chlorophyll with acid, the writer has re-investigated this problem 
and considers that a note is desirable to clarify the subject. 

In 1936, after the criticisms of Winterstein and Schon (7) concerning the use 
of talc were at hand, components a and If- were prepared with sucrose substituted 
for talc, other conditions remaining much the same as described in 1934 (8). All 
solutions were kept at 5^ C. except while being studied. Sucrose was washed from 
the ethereal chlorophyll eluates with water. To force the solution through the 
adsorbent column, a pressure of 5 lb. of nitrogen was used instead of suction. The 
use of glass columns approximately 10 inches long permitted their more exhaustive 
washing. 

The zones formed were very similar in color to those reported by Zscheile with 
talc. Some brown pigment separated out at the top of the column and was dis- 
carded. The characteristic fraction, green in color, was isolated by adsorption 
on a second sucrose column (5 inches in length). It separated completely from the 
5-mm. zone of brown pigment, which remained at the top of this column. No 
blue layer of a appeared at the bottom. The a fraction, after adsorption on a 
second column, produced no brown layer whatever and was uniformly blue-green 
on the column, yielding a blue ether solution. The I fraction from extracts 11-18 
(8) was dissolved in 30 per cent ether — 70 per cent petroleum ether and chromato- 
graphed upon a sucrose column. No blue layer of a appeared until the column 
was developed with 40 per cent ether plus 60 per cent petroleum ether . Then a nar- 
row s-mm. band of blue a separated completely from the green at the bottom of 
the column. The lower 15 mm. of the green zone was lighter in color than the main 
body (140 mm.) and was discarded because of possible contamination with the c 
fraction. A thin brownish region at the top was also discarded. All samples were 

^ These preparations were made in the department of chemistry, University of Chicago. 
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washed four times with water while dissolved in ether. Most of the solvent was 
then evaporated under reduced pressure, and the sample was dried in vacuo at a 
pressure of 2 X mm. of mercury, as measured on a Macleod gauge. 

Absorption measurements were then made on ether solutions with the photo- 
electric spectrophotometric apparatus described by Hogness, Zscheile, and 
Sid WELL (3). A mixture of ether solutions of these component preparations (a and 
b) containing 48 per cent b by weight was studied. Its visible absorption curve was 
intermediate between the curves for the single components, and the curve for the 
mixture agreed closely with the others at their crossing points, indicating that the 
components of a mixture may be identified from its absorption curve if such curves 
for the components are known. The a fraction was washed four additional times 
with water, to remove any possibility of sucrose contamination, and dried. Ab- 
sorption values at the principal maxima were lowered 4 per cent by this treat- 
ment. 

A few drops of 22 per cent HCl were added to ether solutions of a and b to cause 
pheophytin formation. Curves of these products of acid treatment resembled 
those recently published by Zscheile and Comae (9). 

The c fraction, which was apparently separated completely from a and from 
brown decomposition products on the sucrose column, was next considered. Its 
absorption curve was similar to those of earlier preparations from talc columns, so 
far as positions of maxima were concerned. It was noted that the maxima in the 
blue and red regions corresponded in wave length exactly to those of both 
chlorophyll b and ^^pheophytin Moreover, when the absorption curve for the c 
fraction was raised by multiplication of the absorption coefficients by the neces- 
sary factor 1.27 (presumably due to colorless impurities) to make it cross the 
other curves at one of their crossing points, 4210A (423 5 A according to 9), it was 
found that all three curves agreed closely at all the crossing points for chlorophyll 
b and pheophytin a. There were five such points in the visible spectrum. The 
shape of the curve for the c fraction indicated that this fraction consisted chiefly of 
chlorophyll b and pheophytin d, with the latter predominating. All the principal 
bands for these two compounds were present as maxima, and those for pheophytin 
a were more intense than those for chlorophyll b. Other combinations of chloro- 
phyll and '‘pheophytin” pigments are eliminated by these considerations. The 
absorption spectra thus demonstrated that a homogeneous zone on an adsorption 
column may, under certain conditions, contain two adsorbed compounds. 

Recent work in these laboratories has indicated several sources of error in the 
results of 1934 (8) . Some of these were recently discussed by Zscheile and Comar 
(9), whose experiments have indicated the probable reasons for Zscheile's 1934 
results. The fact that all chlorophyll preparations from the writer's laboratory 
were dried previous to 1939 makes further detailed comparison of results futile. 
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It is concluded that the earlier observations on component c were the result of 
the decomposition of chlorophyll a to pheophytin a and of the fact that the 
chromatographic methods employed were inadequate to separate them. After 
consideration of more recent results (9, 2) it would seem that both the use of talc 
and the long time of preparation required in the earlier method were factors which 
could have caused the formation of pheophytin a. The advantage and usefulness 
of the spectrophotometric method were demonstrated as means of control during 
chromatographic separations. 

Department op Agricultural Chemistry 
Purdue University Agriculture Experiment Station 
Lapayette, Indiana 
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A Revision of Melanconis, Pseudovalsa, Prosthecium^ and Titania. By Lewis E. Wehmeyer. 

Ann Arbor: University of Michigan Press, 1941. Pp. 161. Pis. ii. $2.50. 

This is an important contribution to our knowledge of a difiScult group of the Pyrenomycetes. 
The introduction sketches the history of the genera treated and discusses the criteria used in 
segregating the different groups. The author realizes that there are in most cases no fixed lines of 
demarkation between genera and species. The current system of classification, based chiefly on 
spore color and septation, is artificial and leads to confusion of natural groups. Natural relation- 
ships can be determined only by study of the complete life cycles and microscopic characters of 
the plants. The author concludes that genera ^^are almost impossible to define,” and “A genus, 
therefore, is generally an artificial conception, has arbitrary boundaries and should be used in a 
manner to serve most efficiently the two purposes mentioned — as an indication of relationships 
and as a convenient index tab.” 

An attempt to attain this laudable purpose could hardly be expected to result in a perfect 
agreement with other students of the group. The author’s generic concepts are commendably 
conservative. New genera and species, frequently numerous in such revisions, are noticeably 
lacking; such new names as are used are mostly applied to subgeneric and sectional groups. 
The adoption of Prosthecium for species found heretofore mostly in Aglaospora and Pseudovalsa 
results in a number of new combinations. The chief difference between Prosthecium and Pseudo- 
valsa is the presence of a hyaline appendage on each end of the ascospores. Whether this char- 
acter is of generic value is a matter of opinion. The demonstration of such appendages depends in 
many cases upon the age and condition of the specimen. The separation of MassariaiiomAgla- 
ospora on the 4-spored asci of the latter genus is properly recognized as doubtful. Cultural and 
cytological studies are needed to clear up this point. 

The author has had unusual opportunity to study type and authentic specimens of most of the 
older species in this group of fungi and is thus able to give very complete synonymy. It is unfor- 
tunate that the specimens in the mycological collections of the Bureau of Plant Industry were 
not examined, as they would have given additional information regarding the distribution of the 
species in this country and perhaps the identity of some of tlie still doubtful ones. Rather too 
serious attention seems to have been given to the frequently modified and still unstable rules of 
nomenclature. This has led to the rejection of some of our old and generally used specific names. 
For example, the common species Aglaospora profusa (Fr.), published on p. 392, Fr. Syst. Myc, 
2, has been replaced by anomia (Fr.), published on p. 381 of the same work. It is to be hoped 
that some day, in the interests of uniformity and stability, mycologists will abandon this pro- 
cedure in regard to specific names, as they are already doing with generic names, and conserve 
the well-known ones. Such changes lead only to confusion and are a detriment to the advance- 
ment of systematic mycology, and it would seem preferable to delay making them for the 
present, as some of our British colleagues are doing, hoping that the next Botanical Congress will 
approve the conservation of specific names. 

This excellent monograph adds extensively to our knowledge of the older species and their 
synonymy and also of their conidial stages, which have in many cases been proved by pure 
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cultures. It is a contribution of such importance and value that criticisms of it seem trivial. — 
C. L. Shear. 

Die Methoden der Fermentforschung. Edited by Eugene Bamann and Karl Myrback. Leipzig: 

Georg Thieme, 1940-1941. 

This compendium of methods of enzyme research began to appear early in 1940, and to date 
eight Lieferungen have appeared, totaling 3047 pages. Each section of the monograph has been 
prepared by some worker familiar with the special methods employed in some restricted field of 
enzyme chemistry. The introductory section considers the nature of enzymes, the mechanism of 
enzyme reactions, a general discussion of methods of enzyme research, and the nomenclature and 
systematic classification of enzymes. 

The following special sections are three in number. The first deals with the substrates used in 
enzyme research, their preparation, properties, and applicable investigational techniques; the 
intermediate products formed during reactions; and the end products. This section also discusses 
the more recent research methods used in substrate investigations and the general methods of 
research on enzymes, such as methods of following catalysis, obtaining and testing enzyme 
preparations, isolation and characteristics of lyo- and desmo-enzymes, general procedures in con- 
centration and separation of enzymes, and the determination of the general properties of en- 
zymes. 

The second division takes up special groups of enzymes, such as the hydrolases, the desmo- 
lases, and enzymes of biological oxidation and reduction, assimilation, antienzymes, and 
enzyme models. 

The third section is devoted to technical research on enzymes in industry, such as fermenta- 
tion of grains, etc., processing of fats, manufacture of malt extracts, and the baking industries. 
The last part of Lieferung 8 considers research methods used in clinical problems. 

This excellent compilation should be in the hands of, or accessible to, all students of enzyme 
reactions. Naturally it is impossible for such a compendium to attain completeness or perfection, 
but a work which draws together thousands of papers w^hich have appeared in periodic literature 
has exceptional value. About 130 individual scientists have co-operated in this effort, and ap- 
proximately 200 separate reports are included. 

It is remarkable that in a world so torn with strife, scientific men still go forward serving the 
arts of peace. This fine example of co-operation is worthy of the highest commendation. The 
total price of the eight Lieferungen issued is RM 233.7, or somewhat less than $100. Because of 
the great expense of publication, the printer cannot offer them except in complete sets.— C. A. 
Shull. 

The Cytoplasm of the Plant Cell. By Alexandre Guilliermond. Translated by Lenette Rog- 
ers Atkinson. Waltham, Mass.; Chronica Botanica Co.; New York City: G. E. Stechert 

and Co., 1941. Pp. 247. $4.75. 

This volume, which deals with the cytoplasm and its inclusions, is characterized by the 
thoroughness with which it has been done, the clarity of presentation, and the fairness with 
which the older and newer views in cytology are brought together and integrated. 

There is a succinct and informative foreword by Seieriz, following which there are twenty 
chapters. The first presents a historical sketch of the general subject, points out the difficulties 
in the study of cytoplasm, and recommends methods. The second is devoted to general facts 
on the structure of the plant cell, its cytoplasm and morphological constituents, while the follow- 
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ing three chapters give detailed attention to the physical properties and general characteristics^ 
chemical constituents, and physico-chemical constitution of the cytoplasm. Six chapters are 
next concerned with plastids and the chondriome, the relationship between chondriosomes and 
plastids, the duality of the chondriome, and hypotheses relative to the roles of chondriosomes 
and plastids. Vacuoles, including methods of vital staining, development, origin, and signifi- 
cance, and the role of the vacuolar system and hypotheses concerning it, are discussed in the suc- 
ceeding five chapters. Golgi apparatus, canaliculi of Holmgren and other cytoplasmic forma- 
tions, lipside granules, microsomes and other metabolic products, and cytoplasmic alterations 
occupy the next three chapters. A general summary concerning the present knowledge of the 
cytoplasm, the chondriome, plastids, and the vascular system or vacuome is given in the final 
chapter. 

The present volume is the first addition, printed in America, to the list of books which Dr. 
Frans Verdoorn is editing and publishing under the title, A New Series of Plant Science Books. 
Mrs. Atkinson has accomplished an excellent job of translating and interpreting for English 
readers a highly stimulating work, which can be recommended to botanists generally. — J. M, 
Beal. 

Native Midwestern Pastures; Their Origin, Composition and Degeneration. By J. E. Weaver and 
W. W. Hansen. University of Nebraska Conservation and Survey Division: Nebraska Con- 
servation Bulletin no. 22, 1941. 

Regeneration of Native Midwestern Pastures under Protection. By J. E. Weaver and W. W. 
Hansen. University of Nebraska Conservation and Survey Division: Nebraska Conserva- 
tion Bulletin no. 23, 1941. 

These two papers represent another step forward in the careful studies by which Weaver and 
his students have made the central portion of fragmented true prairie the best known of ail 
native grasslands. In the first, five stages in the degeneration of native prairie under the in- 
fluence of grazing by domestic stock are set forth, together with the various types of vegetation 
resulting. This task, based originally on studies begun in 1929, was made more difficult by the 
effects of the droughts of 1934-40 in accelerating degeneration or in causing the almost immedi- 
ate destruction of some types. The earlier survey permitted an evaluation of the responses of 
the various species to grazing alone; and the conclusions, confirmed by clipping experiments, are 
embodied in lists and discussions of prairie grasses and forbs that decrease under grazing, those 
that increase, and grasses and forbs that invade pastures. The changes in pasture types that 
have resulted from drought are clearly set forth. The second bulletin deals with the changes in 
the plant population over a 4-year period, 1937-40, which resulted from the complete protection 
from grazing of a pasture near Lincoln, classed in 1932-33 in the third stage of degeneration. 
The recovery of the prairie grasses, based on stem counts in permanent quadrats, is excellently 
depicted in graphs. 

This study also includes a comparison of the yields, in 1940, of pasture under protection for i, 
2, and 4 years, and prairie. Based on clipping at various intervals, yields were 1.15, 1.51, 1.31, 
and 1.12 tons per acre, respectively. When evaluated on a probable utilization basis, the com- 
parative figures are 0.49, 0.72, 0.74, and 0.76 tons. Based on the better forage grasses, one year 
of complete protection more than doubled the production of usable material, and 3 years of 
protection increased it eight times.—C. E. Olmsted. 
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^ Genetics and the Origin of Species. 2d ed. revised. By Theodosius Dobzhansky. New York: 

Columbia University Press, 1941. Pp. xviii+446. $4.25. 

Although only 4 years have elapsed since the first edition of this highly stimulating book ap- 
peared, such progress has occurred in certain areas, notably in population genetics and cyto- 
genetics, that not only substantial additions but complete rewriting of certain portions of the 
book were found necessary. The organization and the chapter headings of the former edition 
' have been retained, and the book has been extended by some 82 pages. 

Again the author has succeeded in bringing into proper relation to one another the accumula- 
tion of information on mutations of all sorts (genic and chromosomal), on genetic composition of 
populations, on species differences, and on the mechanism of hybrid sterility. 

The volume comprises an extraordinary amount of factual material, but this is so thoroughly 
organized and integrated as to make the book highly readable throughout. As in the former 
edition, one of the most valuable features is the incorporation of the work of European — and 
especially of Russian — authors, whose results have often been overlooked in America. It is a 
necessary book for all who are interested in recent developments of the theory of evolution. — 
J. M. Beal. 

Phylogenetic and Cytological Studies in the Ranunculaceae. By Walton C. Gregory. Trans, 

Amer. Phil. Soc., New Series, Vol. XXXI, Part V. 1941. 

A study of the phylogeny and systematics of the Ranunculaceae, chiefly on the basis of the 
type and number of chromosomes. In all, the chromosomes of 109 species involving 19 genera 
have been studied, with 43 species from 8 genera being reported for the first time. The following 
basic chromosome numbers have been selected for the family: 5, 7, 8, 9, and 13. The highest 
degree of polyploidy has been reached in the 7- and 8-series, with the highest 2n numbers-154 
and 128, respectively. 

An evaluation of the significance of polyploidy and of the relative roles of polyploidy as 
against other factors in evolution of the woody habit in the Ranunculaceae has been attempted. 
A phyletic rearrangement of the genera and tribes of the family has been made on the basis of 
chromosome type, size, and basic number. On the same data a polyphyletic origin of the various 
tribes of the family from some ancestral group has been suggested and illustrated by phylogenetic 
charts, comparing the classical and the author’s classifications. — J. M. Beal. 

s/ Cytology f Genetics J and Evolution. By M. Demerec et al. Philadelphia: University of Pennsyl- 
vania Press, 1941. Pp. v4-i68. $2.00. 

Contains twelve addresses presented at the University of Pennsylvania’s Bicentennial Con- 
ference, September, 1940: The nature of the gene, by M, Demerec; Chromosome structure, by 
Charles W. Metz; The sex chromosomes: heteropycnosis and its bearing on some general 
questions of chromosome behavior; chromosomal interchanges, by Albert F. Blaeeslee; 
Chromosomal differences between races and species of Drosophila, by Th. Dobzhansky; Evolu- 
tion of the germplasm, by Clarence E. McClung; Hereditary status of the rhizopods, by 
Herbert S. Jennings; Nuclear behavior and reproduction in ciliated protozoa, by Willl^m F. 
Diller; Inheritance in ciliated protozoa, by T. M. Sonneborn ; The physico-chemical properties 
of the nucleus, by Leon Churney; The chromosomes of the amphibian nucleus, by William R. 
Duryee; Radiation and the cell nucleus, by Paul S. Henshaw.—J, M. Beal. 
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‘^Tabular Keys for the Identification of the Woody Plants. Compiled and arranged by Florence B . 
Robinson. Champaign, III: Garrard Press, 1941. Pp. iv+156. Spirally-bound, loose-leaf, 
planographed. I2.50. 

These keys are intended for field use and for quick reference to 500 trees, shrubs, vines, coni- 
fers, and broad-leaved evergreens growing in the northern states and Canada. There are sepa- 
rate groups of dichotomous keys to the genera for each of the groups of plants just named and for 
the leafy and the winter condition separately. The species are determined by referring to tabular 
keys of each genus, alphabetically arranged. Instruction in the use of these keys, a glossary, and 
nomenclatural lists of species, together with the common names, add to the usefulness of this 
work. — P. D. VoTH. 
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NITRATE AND CARBOHYDRATE RESERVES IN RELATION TO 
NITROGEN NUTRITION OF PINEAPPLE 

G. T. NIGHTINGALE 
(with fourteen figures) 

Introduction 

Chemical analyses of leaves and other organs of horticultural crops for nitrogen, 
phosphorus, and potassium have shown that often — with critical selection of sam- 
ples to be analyzed — there may be obtained reasonably accurate indices of the 
concentration of these nutrients in the plant. As applied to agriculture, this has 
often led to increased efficiency in the use of fertilizers (3, 4, 1 1, 27, 32) . If employed 
as a practical guide to fertilizer requirements, however, such analyses involve the 
assumption that leaf values for N, P, and K that were correlated with best yields in 
any year or series of years should be considered as standards in successive years, 
at least in the same location. 

Perhaps when water is not a limiting factor, and if there are locations where 
temperature and sunshine do not vary greatly from year to year, such an assump- 
tion may be adequate for practical purposes. In Hawaii, however, even in the 
same section of any given plantation, the amount of nitrogenous fertilizer required 
for maximum yields of pineapples has been found to vary by as much as 75 per 
cent in successive years. The nitrate reserve which must be present in the leaves 
of the plants for best yields varies in different years and in the same year in differ- 
ent locations. Indirectly, the reason for this lies in the fact that the plants are 
grown under conditions of temperature that differ materially, at elevations from 
only a little above sea level to over 2000 feet. Light intensity varies from less than 
2000 to about 8000 foot candles in different seasons and locations. In spite of 
these differences, and sometimes radical variations in rainfall, it has been possible 
to obtain quantitative records that, regardless of location and weather, furnish the 
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information necessary for precise, efficient use of fertilizer. That these plant rec- 
ords are not limited in their use to a single location or season is owing primarily 
to the fact that carbon dioxide is regarded as a nutrient, and that quantitative 
records of starch reserves are employed as an index of carbon dioxide availability. 
All nutrients are essential, of course, but, with the exception of water, carbon diox- 
ide is by far the most abundant nutrient the plant receives. 

The uncertainty of the degree of availability of carbon dioxide makes records of 
carbohydrate reserves in the growing plant particularly pertinent. It is just as es- 
sential to have a measure of stored starch as it is to have it of nitrate, phosphorus, 
and potassium. In fact, starch reserves determine the percentage of nitrate that 
may be advantageously carried in the pineapple plant. In turn, for greatest effi- 
ciency, phosphate levels in the plant should be adjusted on the basis of nitrate con- 
centration, and similarly nitrate is not freely absorbed if potassium is low, etc. 
Thus there is a chain of interdependent relationships directly or indirectly associ- 
ated with opportunity for carbon dioxide assimilation that necessarily varies with 
prevailing weather conditions. 

Although for best economic results the importance of avoiding an imbalanced re- 
lationship between nitrate, phosphate, potassium, and other ions in the plant can- 
not be overemphasized, the present report is concerned largely with carbohydrate 
and nitrate reserves. The principles involved have been discussed in part by 
Kraus and Kraybill (io), and methods of applying these principles to large- 
scale pineapple production over considerable acreages were developed, first in 
sand or water cultures and in some cases under controlled environmental condi- 
tions, with tomato, fruit trees, and other horticultural crops (i6, 17, 18, 19). These 
principles, applied to pineapple, have shown that the concentration of nitrate 
which the plant is permitted to accumulate should be adjusted in relation to its 
starch reserves. A deficiency of either plant constituent is to be avoided. Stand- 
ards for judging the amounts present in relation to any given functional level of 
the plant are to be described. 

Together with climatological data, various records of plants are also taken, such 
as starch and nitrate determinations. The data indicate why a particular field or 
area may include plants deficient in starch, nitrate, or other nutrients. If plants 
are deficient in any essential constituent, it becomes important to know why. It is 
not enough simply to know that the condition exists. For example, if nitrate re- 
serves are low because of suberized root tips and root hairs and consequent limited 
absorptive capacity, the practical indications are in contrast to that of a field with 
similar nitrate reserves in the plants but with root systems capable of more active 
absorption. Thus the purpose of quantitative records of the growing plants is 
primarily to measure limiting factors, not alone those that can be controlled or in- 
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fluenced, but also those that cannot be controlled. Such records permit purposeful, 
well-timed applications of fertilizer. They also help to prevent futile attempts to 
attain impossible objectives. 

Observations 

Quantitative eield records 

In this initial paper— dealing with the field aspects of pineapple nutrition — that 
may be referred to in later reports, it is proposed to give a rather inclusive descrip- 
tion of methods of obtaining records of plants in the field. A mature pineapple 
plant of the Smooth Cayenne variety is shown in some detail in figure i. It is 
propagated vegetatively and is almost the only variety of commercial importance 
in Hawaii. Figures 2-5 show plants of various ages as they appear in the field: 
planted through mulch paper, in 2-row beds 100 yards in length, the beds ter- 
minating at a field road at each end. 

Representative samples of the distal half of the stem of the slips when employed 
for planting are analyzed for percentage dry matter (a good index of carbohydrate 
reserves and capacity for root production), for phosphorus, potassium, and ni- 
trate. These constituents may be stored in quantity in the slips, although the 
amount and proportions may vary greatly with different lots of planting material. 
As soon after planting as roots have become established and some new top growth 
made, quantitative records are taken at about monthly intervals until blossom 
buds appear about a year later. The time from planting to the appearance of 
blossom buds may vary greatly, depending upon many factors. 

Plant weight.- — In a productive commercial pineapple field, plants vary rela- 
tively little as compared with many horticultural crops. Nevertheless, in any 
part of a field under consideration, three plants are selected. These are judged, for 
the particular date concerned, to be large, medium, or small in comparison with 
the remainder of the plants in the area. These plants are pulled up and weighed. 

Number of leaves. —The number of leaves over 12 inches long on each of 
these three plants is recorded. 

Length X width of leaf. — ^A leaf is selected for measurement on each of the 
three plants. Figure 6 illustrates on the left an immature leaf; on the right, one 
that is approaching senescence. Between these is a leaf, representative of those 
selected for measurement, that is almost fully expanded, except for the lateral 
points at the base. The width is determined at a point one-third the distance up 
from the base of this leaf. Because a leaf persists for many months, leaf dimen- 
sions tell little of the quality of the plant, but they do serve as an index of the 
growing conditions at the time the leaf concerned was expanding. 

Selection of plants. — In several key locations in a field, the following records 
are taken from a pair of representative plant beds. Proceeding along the cultivated 
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Fig. I-— Kant at about 21 months; leaves cut ofif to show axiUary shoots which produce second crop 

. (AxiUary shoots may be employed for planting, together with so-called slips.) -Small slips 

just visible along peduncle. SmaU knoblike rudimentary fruit is discarded from slip before planting. 
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pace, five paces in from the road, a plant from the nearest row in the left-hand 
bed IS reprded as being large, medium, or small, as the case may be. Ten paces 
farther alop a plant from the nearest row in the right-hand bed is selected, and 
so on, until the other end of the bed has been reached and ten plants have been 





DaD^rin o mi" ‘ ^ planting, through edge of black mulch 

paper, m 2-row beds With cultivator space between. 


recorded, five from either bed. By analysis of variance there is thus obtained a 
reliable index of plant weight, number of leaves, and length X width of the leaf 
described (fig. 6), for the beds concerned. 

Root ANCHORAGE.— When the three plants are being puUed up, a spring-bal- 
ance is employed to record the number of pounds required to uproot them. On the 
basis of these tests and experience over a considerable period of time, a moderate 
tug at each of the ten plants enables an experienced worker to record for each the 
proximate root anchorage in pounds. This gives an index of the extent of the root 
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system. Anchorage of loo pounds is considered loo per cent, although it may reach 
as much as 1 50 pounds. 

White root tips.— These are indicative of the ability of the plant to absorb 
water and other nutrients. In several locations, small trenches' are dug inside and 
outside the beds so that the character of the root system may be determined. 


Fig. 3. Pineapple plants at about 9 months. Along the troughhke upper surface of leaves, water from 
light showers or dew may flow toward center of plant, down through planting hole in mulch paper, to soil 
below. Fertilizer placed in lower axils of leaves is thus carried down and made available. 


Samples for soil moisture are also taken at this time, usually under the edge of the ^ 

mulch paper midway between the plants in the row at a depth of 6-8 inches. If all ; 

main roots and lateral roots observed have white root tips | and | inch or more in ! 

length, respectively, white root tips are recorded as 100 per cent. Anything less I 

than this is indicated correspondingly on a percentage basis. ; 

^ Semi-mature root tips.— Such root tips, recorded on a percentage basis, are ; 

slightly brownish, suberized, and relatively woody up to and often including the 
apex. They are incapable of adequate absorption of water, at least when evapora- 
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tion rates are high. Often within a day or two after soil conditions have become 
favorable, cell division may commence and new white root tips emerge apically. 
(Factors whmh singly or in combination may adversely influence the maintenance 
of active white root tips may be only mentioned here. They include lack of water 
as when soil moisture is at or below the wilting percentage, probably high soil 
temperature [16, 30], and high soil solute concentration as shown by Hayward 
[6, 7] and others [19].) 


Senescent ROOT t^s.— As implied, such root tips are dead or nearly so. If 
TOO per rent are in this condition, it means that it has been some time, probably 
weeks, since the plant has absorbed water and nutrients freely in adequate quan- 
tity-regardless of soil moisture content. It also means that, if the distal tissues 
of the roots are senescent, when soil conditions become favorable new white root 
tips will emerge relatively slowly, laterally well back on the main roots or as new 

adventitious roots from the base of the stem. 

^ Root factor.- ^To co-ordinate root condition in a single quantitative expres- 
sion, the root factor is considered to be root anchorage in pounds X percentage of 
white root tips. These records of root condition, while only proximately quantita- 


Fig. 4.— Pineapple plant in blossom at about 15 months after planting 
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tive, play a part in agricultural practice and in the interpretation of responses 
of pineapple plants in fertilizer experiments that is at least equal in impor- 
tance to the more precise chemical analyses and other determinations to be 
described. 

Leaf color and carbohydrates.— Often in a pineapple plant in which all the 
potential starch-storing cells are filled to capacity, macroanalyses— expressed as 
percentage either of fresh or of dry material— indicate relatively little starch. 


Fig. S- — Field nearly ready to harvest at about 21 months after planting 


Hundreds of such macroanalyses of stems and leaves have been made, yet there has 
been no consistent correlation with starch deposits in the leaves that were easily 
seen by microscopic examination. The tests completely failed to indicate to what 
percentage of capacity the plant was supplied with starch. The reason is obvious. 
The pineapple plant frequently contains a very high proportion of inert mechanical 
fiber in both stem and leaves, and analysis of expressed juice, although of interest, 
does not include starch, the major carbohydrate reserve. Another plant type, 
relatively soft and succulent and with limited development of fibers, was— by mi- 
croscopic observation— very low in starch. Yet as percentage of fresh or dry 
weight relatively more starch was indicated in such a plant than in the case of one 
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filled to capacity with this material. Of course, the absolute amount of starch 
could be easily computed from the conventional macroanalyses; but in nutritional 


studies, concentration is the index of 
degree of deficiency of carbohydrates, 
or any other material. Absolute 
amounts are correlated with size and 
not with quality of plant. 

On the basis of microscopic tests, it 
soon became apparent that there was 
a consistent correlation between de- 
gree of greenness and starch reserves 
in the potential starch-storing cells of 
leaves. It should be recognized, how- 
ever, that in a woody, highly differen- 
tiated leaf of relatively xeromorphic 
structure, the number of cells capable 
of storing starch are comparatively 
few and their protoplasmic volume 
usually relatively small. Neverthe- 
less, if all these cells are approximate- 
ly filled to capacity with starch, as in 
a yellow-green leaf, the carbohydrate 
rating is considered 100 per cent for 
that leaf. As already pointed out, 
this is in contrast to any figure that 
could be obtained by macroanalysis, 
where — on a percentage of fresh 
or dry-weight basis or as absolute 
amount in grams — the starch content 
would be recorded as very low for 
that leaf. It is recognized that this 
method of estimating carbohydrate 
reserves is a departure from the more 
conventional methods of expression 
employed by plant physiologists, but 
in principle it corresponds to expres- 
sion on the basis of ^^protoplasmic 
mass’’ long used by animal chemists. 
In any event, this method— together 



Fig. 6.— Left: immatureleaf with relatively much 
white semi-meristematic tissue and comparatively 
narrow sides tapering inward slightly at base. Right: 
mature leaf with little white semi-meristematic basal 
tissue; base broad in relation to remainder of leaf, 
with pronounced lateral points forming acute angles. 
Center: leaf nearly fully expanded except at base; 
middle third of white basal tissue of leaves of this type 
employed for chemical analysis. 

with analyses for nitrate— is useful in 


practice and gives a high degree of precision. 
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Color. — The color standards shown in figure 7 are recognizably distinct, but 
of course they intergrade insensibly. They represent an arbitrary median region 
of a color range for only the upper surface of leaves. Of this area, certain portions 
are excluded in making estimates of the leaf color of a plant for starch reserves. 
The areas omitted include the immature leaves, less than 9 inches long, in the cen- 
ter of the plant, the immature, relatively unexposed proximal third of longer 
leaves, and the distal third or tip of longer leaves. This terminal tissue is always 
relatively senescent after the very early stages of growth, and in any event is 
small in area because the leaf tapers to a point. Thus it is the color-starch rela- 
tionship of only the potential starch-storing cells -of approximately the middle 
third of the leaf that is referred to here. 

No. o color: yellow. — This region in the color scale is represented by senes- 
cent leaves or senescent areas of leaves. They are yellow or yellowish brown and 
practically free of any pronounced shade of green. The starch content of such 
leaves is variable, and it is doubtful whether these leaves contribute materially to 
carbohydrate metabolism. 

No. I color: yellow-green. —The median region of this color range is much 
less green than no. 2. It is decidedly yellowish and characteristic of leaves much 
exposed to sunlight. Leaves in this color range contain starch to within 75-100 per 
cent of capacity. Leaves may be injured by excessive sunlight or very high tem- 
perature, or both, and exhibit shades of greenish yellow similar to no. i color, but 
can be easily distinguished by characteristic uneven coloring and internally by dis- 
organization of chloroplasts (8) . 

No. 2 color: olive-green. — The median region of this color range is olive- 
green. The upper whorls of leaves often exhibit this color as the plant matures. 
This is particularly noticeable in a sunny season or location, unless the plants are 
very heavily fertilized with nitrogen, or closely planted, or both. Starch reserves 
are within 50-75 per cent of capacity in leaves of this class. 

No. 3 color: blackish-green— The median region of this color range is very 
dark green. In much shaded, lower leaves it reaches an almost black-green. It is 
typical of plants under growing conditions when abundant nitrogen has been sup- 
plied or when subjected to relatively cloudy weather, or both. The starch con- 
tent of leaves of this color is 2 5-50 per cent of capacity. 

Records oe leae color.— Recording the color of the leaves is considerably sim- 
plified by the fact that there are usually rather definite zones of greenness. In- 
variably the lower leaves are darker green, midway along the stem the leaves are 
intermediate in greenness, while the upper whorls are comparatively less green. 
For each of the ten plants selected along the length of the two beds there is re- 
corded for the plant as a whole the percentages of the leaf area that on the upper 
surface may exhibit one or more of the classes of color shown in figure 7, very young 



Fig. 7 Median region of four ranges of color of pineapple leaves. From left to right: no o yellow 
o. I, yellow-green; no. 2, olive-green; and no. 3, “black”-green. With reference to maximum ’possible 
production, no matter how low or how high nitrate reserves may be, carbohydrate-rather than 
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leaves and proximal and distal portions of older leaves being excepted, as already 
noted. .The sum of the percentage of each color class equals 100 for each plant. 
Results are reported as averages of ten plants. Independent records by men 
trained in this work seldom vary by more than about 3 per cent in the color aver- 
age of the same lot of ten plants. Very small differences in percentage of no. i 
color, yellow-green, are correlated with striking differences in fruit production, as 
will be later shown. 

Leaf-color index. — Together with other determinations as a guide to nitrogen 
requirements, the percentage of no. i color stands out as highly significant in many 
experiments, probably because the upper leaves — relatively high in percentage of 
such color — are more active than other plant parts in nitrate reduction (24, 25). 
Thus, for certain purposes, the respective color values are kept segregated. On the 
other hand, a weighted leaf-color index of degree of greenness gives an expression 
of plant condition that is intimately associated with quality of fruit. The weighted 
leaf-color index is determined by multiplying the percentage of no. i color by one, 
the percentage of no. 2 color by two, and the percentage of no. 3 color by three. 
The results are added and the sum divided by three. The resultant figure is the 
leaf-color index. 

Red pigment. — The percentage of bluish-red anthocyanin pigment sometimes 
displayed on the upper surface of pineapple leaves may be recorded, but the de- 
gree of pigmentation commonly fluctuates too rapidly to be a useful index for most 
purposes. For instance, a change in air temperature, if it persists for a day or two, 
usually is associated with rather striking changes in anthocyanin content; low 
temperatures are followed by an increase if other factors remain essentially the 
same. Likewise, plants subjected to serious deficiency are commonly highly pig- 
mented. Both these environmental influences, together with inadequate nitrate 
reserve, are often correlated with a comparatively high sugar content in the leaves. 
Results in harmony with these have already been reported by Magness (12) and 
others for apple trees. Under all observed conditions, however, the ratio of starch 
to sugars is proportionately high as determined macrochemically when starch 
and total sugars are expressed as dextrose. 

Leaf nitrate-nitrogen. — The leaf shown at the center of figure 6 illustrates 
the precise stage of growth of leaves employed for nitrate analysis. They are al- 
most fully expanded, except for the lateral points at the base which, in a fully ma- 
ture leaf approaching senescence, form a much more acute angle, and in an imma- 
ture leaf form approximately a right angle. It is thus simple always to select ex- 
actly comparable leaves for analysis, regardless of environmental influences or 
whether the plant has been growing for 3 months or a year. After blossom buds 
appear, all leaves on the original stem become mature and no further analyses are 
made for nitrate. Experimental trials have shown that nitrogen fertilization of 
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pineapple, after blossom buds develop, is without material influence upon the 
“mother plant” or fruit. These results are in harmony with the responses of some 
other monocotyledonous plants, such as oats, as has been shown by Williams (33) . 

For each of the ten plants used as the basis of records, the leaf as just described is 
pulled out for nitrate analysis. It breaks ofiE easily and cleanly near the point of 
attachment to the stem. In this region the white basal tissue is semi-meristematic. 
It is comparatively homogeneous and contains practically no lignified elements. 
In several lots of leaves the moisture content in the middle third of the white basal 
tissue employed for nitrate analysis varied from 89 to 92 per cent. This was true 
even though the relatively mature portion of the leaf had in some lots a severe 
water deficit in the specialized water-storage tissue, while others were filled to 
capacity with stored water, and still others were only partially filled. 

Leaves may be harvested for analysis at any time between 8:00 a.m. and 4:00 
p.M. At least, tests of comparable plants of several lots indicated no material 
variation in nitrate content in the leaf owing to the hour of sampling. The middle 
third of the white basal tissue of the ten leaves from as many plants is minced, 
mixed, and an aliquot homogenized in water in a small, electrically driven mixer. 
The amount of nitrate in the clear filtrate, entirely free of any noticeable color, is 
determined by the phenoldisulphonic acid method (i) and is expressed as percent- 
age of nitrate nitrogen. Re-sampling of any plot or bed seldom shows, on the same 
or following day, a departure from the original results by more than plus or minus 
0.003 cent of nitrate nitrogen. 

Role of nitrate in the plant. —Leaf-nitrate values, as obtained month after 
month on tissues strictly comparable physiologically, are directly correlated with 
the nitrate content of the massive stem of the pineapple plant which may have up 
to half or more of its total nitrogen content in the form of nitrate. The green por- 
tion of the leaf contains little or no nitrate, except under conditions preventing its 
reduction (18). Nitrate does not directly affect the growth responses of plants 
materially. There must first occur nitrate reduction, oxidation of sugars, and or- 
ganic nitrogen synthesis; but a sufficiently active rate of synthesis of amino acids 
and proteins in many plants does not occur unless the tissues concerned contain a 
liberal reserve of nitrate (18), Pineapple is apparently no exception. It is also 
like most other plants in that it does not store ammonium (24, 23), even when am- 
monium sulphate is practically the only nitrogenous fertilizer employed. Also, 
under field conditions ammonium is rapidly oxidized to nitrate in the soil. While 
the pineapple plant can freely absorb and elaborate ammonium (24, 25) under field 
conditions, it seldom— if ever— has an opportunity to do so for a significant length 
of time. 

While any cell constituent may well be considered as exerting some influence on 
the development of the plant, nitrate is obviously not an essential form of nitrogen, 
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for — ^by employing an ammonium salt as the sole external source of nitrogen (18) 
— many species of nitrate-storing plants, including pineapple (24, 25), have been 
grown to maturity and have produced abundant fruit when grown in water cul- 
tures with the nutrient solution and the plant itself almost or entirely free of nitrate. 

Leaf potash and leaf phosphorus. — ^There are important interdependent re- 
lationships between nitrate, phosphorus, and potash in the nutrition of the pine- 
apple plant that will not be discussed in detail in this paper. For determination of 
total potash and total phosphorus, however, aliquots of the same white basal leaf 
tissue employed for nitrate analyses are ashed and official methods followed (i). 

Growth index. — This is the weekly rate of increase in length of young leaves, 
initially 20 cm. long, selected at monthly intervals. The same lots of plants are al- 
ways employed, care being taken to select representative locations in the field. 

Iron deficiency. — Plants are recorded as being deficient in iron on the basis 
of the percentage of the leaf area, if any, which exhibits chlorotic mottled areas 
characteristic of such deficiency. In productive commercial pineapple culture, 
however, iron deficiency seldom is allowed to persist long enough to be of practical 
significance, the condition being remedied by spraying with iron sulphate. 

Zinc deficiency. — On the basis of the percentage of leaf area exhibiting char- 
acteristic mottled spots or blisters, plants are recorded as being deficient in zinc. 
Such deficiency is easily prevented by infrequent spraying with zinc sulphate, 
however, and at present is seldom found in significant degree in commercial fields. 

Leaf- water deficiency. — The pineapple plant may not only store very high 
reserves of starch and nitrate, but in addition the leaves possess specialized water- 
storage tissue. Macroscopically this is apparent as a clear translucent layer be- 
neath the upper epidermis. Its development proximately keeps pace with differ- 
entiation of other leaf tissues. The white semi-meristematic basal tissue of leaves 
employed for nitrate analysis, being largely undifferentiated, does not include spe- 
cialized water-storage cells. When the ten leaves from as many plants are collected 
for nitrate analysis, they are arranged in a bundle with their basal ends placed one 
on top of another. The bundle of leaves is then cut crosswise, one-third of the dis- 
tance up from the base, where water-storage cells are fully differentiated. The 
ratio of the thickness of water-storage tissue to that of chlorophyll-containing tis- 
sue, when viewed in transverse section, is then recorded. If the thickness of water- 
storage tissue is less than that indicated by the following ratios for the appropriate 
age, it is so reported on a percentage basis. 
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Sunshine RECORDS. — For this purpose, two soil or distance thermographs are 
employed, the sensitive element of which is a cylindrical copper bulb 12 inches 
long and about i inch in diameter. The bulb of one instrument is placed in a con- 
ventional louvered weather shelter; the other bulb is painted black and exposed to 
full sunlight in a horizontal position, with the length of the bulb in a north-south 
direction. The difference in temperature between the bulb in the weather shelter 
and that exposed to sunlight is recorded on the charts of the two instruments. 
This difference is converted to terms of foot candles on the basis of comparative 
tests with several instruments for recording sunlight. Results are expressed as the 
average weekly light rate in foot candles from sunrise to sunset, employing formu- 
las developed by Farden (5). These instruments are sufficiently sensitive for the 
purpose employed. In different locations and seasons, the average weekly light 
rate varies from less than 2000 to about 8000 foot candles. 

Average 2-hourly air temperature. — In its relation to the nutrition of the 
pineapple plant, the most consistently useful, single expression of air temperature 
has been the average 2-hourly day-and-night records from thermographs. On the 
other hand, it is often important to segregate the average day and night tempera- 
tures, for two fields may have the same average 24-hour temperature, but if the 
nights are relatively warm, the plants in that field will be much lower in carbo- 
hydrate reserves than in the other if conditions in both locations — including sun- 
light — are otherwise similar. Past weather records for a location are of consider- 
able local value in connection with the nitrogen nutrition of pineapple, for they 
have a bearing upon what may reasonably be expected from a fertilizer applica- 
tion to plants with known root systems and content of starch and nitrate. Plants 
alike in size and quality, and with adequate soil moisture, will not give the same 
responses in fruit production to the same fertilizer treatment if there follow differ- 
ent conditions of air temperature and sunlight. These and related factors will be 
discussed later. 

Fruit exposure. — ^About a week before fruit is to be harvested, the various 
plant records are taken as described, except analyses of leaves for nitrate, potas- 
sium, and phosphorus. At that time there is also recorded the percentage of total 
possible exposure of the fruit to direct sunlight. This might seem a superfluous de- 
termination, but fruit temperature in large measure determines acidity and tex- 
ture of the flesh of the fruit. In turn, fruit temperature varies with that of the air, 
but particularly with the amount of sunshine and the degree of exposure to it. For 
instance, if the average fruit temperature during the week prior to picking is high 
because of a high light rate or a high percentage of exposure to sunlight, or both, 
the fruit will be very low in acidity. Conversely, low fruit temperature makes for 
high acidity. The explanation may lie in the well-recognized effects of tempera- 
ture on rate of respiration and concomitant decarboxylation (26). 
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That air temperature alone is no index of fruit temperature is apparent from the 
fact that on sunny days a fruit with about 100 per cent of possible exposure to sun- 
light may attain a flesh temperature of 130° F., with a maximum air temperature 
of only 73° F. Formulas, not given here, have been worked out for computing 
fruit temperature on the basis of light rate, air temperature, and percentage of ex- 
posure to sunlight. Excepting the crown leaves of the fruit itself, exposure is con- 
sidered 100 per cent when no leaves at any time of the day shade the sides of the 
fruit. Exposure is recorded as zero if the sides of the fruit are not exposed to direct 
sunlight at any time of the day. By employing suitable photographs as standards 
of comparison for different degrees of exposure between these two extremes, reli- 
able records are obtained. 

The temperature of the flesh of the fruit has the influences noted; but in relation 
to sugar content, the average air temperature — taken at 2-hour intervals from 
thermograph charts during the week prior to harvest — is a dominant factor. The 
plant does not store starch or other carbohydrate reserves in quantity in unripe 
fruit, but shortly before ripening there is a rapid influx of sugar from the vegeta- 
tive organs to the fruit, the rate apparently being determined in large part by air 
temperature. Under adverse conditions, when the average air temperature for 
2-hour intervals during the week prior to picking is low (68° F.), plants high in 
starch reserves (in that they produce fruits relatively high in sugars) have a de- 
cided advantage over plants comparatively low in carbohydrates. This advantage 
is negligible, however, under favorable intermediate conditions of 69°-75° F. aver- 
age air temperature during the week prior to picking. 

Discussion of results 

The pineapple plants of these experiments were all abundantly fruitful, in the 
sense that they would be placed in Kraus and Kraybill’s class III (10). In no 
case were nitrate or carbohydrates so deficient that lack of either was associated 
with nonfruitfulness. Nor were any of the plants more extreme in type of growth 
and composition than have often been found in the past in fields supplied with a 
predetermined schedule^ of nitrogen applications. Thus this report deals with a 
relatively narrow range of fruitful plant types, with differences in degree of nitrate 
“Or carbohydrate— deficiency that are comparatively small as compared with the 
extremes encompassed by Kraus and Kraybill^s four classes. At the time of dif- 
ferentiation, however, even a seemingly slight deficiency of nitrate as related to 
carbohydrates was correlated with marked decreases in yields of fruit if not rather 

^ A scliedule usually decided upon before a field is planted. It gives the dates when nitrogen is to be 
applied and the amounts. It is largely derived by averaging the results of several years of conventional 
fertilizer tests employing six replications of each treatment, analyzed each year for statistical signiO- 
cance, with results varying in different years with the weather, to the extent that there may be a 75 per 
cent difference in total amount of nitrogen required in successive years. 
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promptly adjusted. These deficiencies, quantitatively measured in the growing 
plant, have been found remarkably accurate indices of the amounts of nitrogenous 
fertilizer that may be required at any time, in relation to carbohydrates, for great- 
est fruit production. 

To eliminate as many limiting factors as possible, other than the known levels 
of nitrate — or carbohydrate — deficiency being tested, in their relationship to pro- 
duction of fruit, all the experiments were conducted in fields where it has been 
demonstrated that neither potassium nor phosphorus was lacking. When limiting 
factors appeared, such as deficiency of iron or zinc, they were promptly corrected 
by applications of sprays containing these elements. Experimental results from 
areas lowest in sunshine are not included in this report, for such fields are typically 
in the rainy mountain sections where the soil, owing at least in part to leaching, is 
usually deficient in potassium and phosphorus. 

Unless otherwise indicated, it should be understood that during the experimen- 
tal periods under consideration, the percentage of white root tips was sufficient for 
adequate absorption of water and other nutrients, that root anchorage was loo 
pounds or more, and that the soil moisture was above the wilting percentage. 
After the plants were a few months old, ammonium sulphate, when employed, was 
applied as usual in the lower leaf axils, and therefore did not become available un- 
til there had been sufficient rain to dissolve and carry it to the roots. Accordingly, 
there is indicated in this report not only the actual date of application of fertilizer 
but the proximate date when it was made available by rain. Weather records, for 
the most part, are reported only when they appear to be pertinent. The detailed 
reports of climate, while of local value, are secondary to the theme of this paper — 
nitrate and carbohydrate reserves as correlated with yield of fruit. The pineapple 
plant itself is, in part, an expression of these relationships and a reflection of favor- 
able and unfavorable environmental influences more exact than can be derived 
from records of environment alone. 

The experimental results that follow indicate considerable differences in yields 
of fruit from plants essentially similar in content of nitrate and starch. Differences 
in yields were often correlated with differences in size of the plants at the time 
flower-bud primordia developed. Plant size is influenced by many factors, such as 
number of plants per acre; number of months of vegetative growth, which varies 
materially with the season of planting; length of time from planting to emergence 
of roots, which varies with the amount of rain as well as with the carbohydrate re- 
serves in the planting material, and so on. On the other hand, the temperature 
during the period from appearance of flower buds until the fruit is harvested is of 
extreme importance in relation to size of fruit. For example, a plant weighing 1 6 
pounds, deficient in neither nitrate nor carbohydrates, may produce a fruit weigh- 
ing less than s pounds if the weather is cool during the 5-6 months from the first 



NIGHTINGALE— PINEAPPLE 


425 


1942] 

appearance of blossom buds until the fruit is ripe. In contrast, a plant of equally 
desirable chemical composition, weighing less than half as much, may produce a 
fruit weighing more than 6 pounds if the temperature conditions are favorable dur- 
ing this same period. Exact quantitative data of this type are available but are not 
conveniently included in this report. 

Figure 8 shows, for various stages of growth, the proximate maximum percent- 
age of nitrate-nitrogen found in the white basal tissue of the leaf employed for 
analysis. Occasionally nitrate may attain levels slightly higher than those indi- 
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Fig. 8. — Proximate maximum percentages of leaf nitrate-N attainable at different stages of growth. 
With reference to greatest possible yields, maximum nitrate is desirable only if plants contain adequate 
carbohydrate reserves, as indicated in warm sunny location by not less than about 15 per cent and in 
very cool or cloudy location by not less than about 30 per cent no. i yellow-green leaf color (cf. fig. 7), 


cated, and frequently — if reduction is limited by any factor — ^will become abnor- 
mally high. But it has yet to be demonstrated that increases in yield of fruit have 
been brought about by raising the percentages of nitrate, for the different periods 
of plant development, higher than those shown in figure 8. On the contrary, there 
is evidence to indicate that opportunity for carbohydrate synthesis and accumula- 
tion must be exceptional before it becomes desirable to attempt continually to 
maintain leaf nitrate at the essentially maximum levels indicated in figure 8. 
Rather it is proposed to show that when nitrogen is added to plants deficient in 
starch, as indicated by a percentage of no. i leaf color (fig. 7) lower than about 15 
per cent, yields will not be significantly increased even if leaf-nitrate values are 
very low for the stage of growth concerned as compared with those shown in figure 
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8j and even if the nitrate content of the plant is increased. Exceptions to this gen- 
eral rule apparently occur when temperature and sunlight following nitrogen fer- 
tilization are unusually favorable for carbohydrate accumulation. In contrast, in 
locations or seasons of the years, when it is known from past records that weather 
conditions following a contemplated application of nitrogen to a field are not likely 
to favor carbohydrate storage (as in cloudy mountain areas not considered in this 
report), a materially greater percentage of no. i color — about 30 per cent — is ap- 
parently required before material increases in fruit production occur owing to 
added nitrogen or absorbed nitrate. 

As already pointed out, after blossom buds are well advanced (fig. 4), fertiliza- 
tion with nitrogen has no measurable influence on yield, even in plants extremely 
deficient in nitrate and containing abundant carbohydrate reserves. At approxi- 
mately the time of floral differentiation, however, about 2 months before blossom 
buds become apparent or even a few weeks earlier, plants low in nitrate in relation 
to starch reserve often respond to added nitrogen with marked increase in produc- 
tion of fruit, if there are no other limiting factors. That the pineapple plant is par- 
ticularly responsive at this stage of growth may be owing, at least in part, to the 
fact that it has approximately reached its maximum size, as vegetative expansion 
of the original plant essentially ceases when the determinate flower bud appears. 
Thus the total protoplasmic volume available for metabolizing nitrate is probably 
greater than at any earlier period. 

Nitrate deficiency at time of flower-bud differentiation. — It is con- 
venient to consider first the effects on relative yield of fruit of different degrees of 
nitrate deficiency, maintained for a short period of time, definitely delimited initial- 
ly by given dates of plant analysis at a little before floral differentiation and ter- 
minated finally by emergence of buds (fig. 4), when measurable influences of ni- 
trate on production of fruit cease. It is emphasized that nitrate is not considered 
deficient, no matter how much lower it may be than the percentage values given in 
figure 8, for lack of it does not usually limit yields when coupled with deficiency of 
carbohydrates, as indicated by less than about 15 per cent no. i yellow-green leaf 
color (fig. 7). 

From July to the end of August (table i) the plants decreased in nitrate from 
0.090 to 0.063 per cent. In the relatively warm location where they were growing 
there is a light rate during the summer and fall of typically about 5000 foot can- 
dles. Higher nitrate reserves were evidently desirable, for there was no evidence of 
carbohydrate deficiency, no, i leaf color being 21 per cent in August. These ni- 
trate-deficient plants were then fertilized with nitrogen, at that time only in the 
case of the B and D plots. About a month later definitely higher nitrate reserves 
were found than in the plants of the A and C series. The D group, with no more 
nitrogen added (after 120 pounds was applied in September), were thereafter con- 
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sistently higher in nitrate than the A group, which was unfertilized during the ex» 
perimental period. Although the D plots, were relatively low in carbohydrates, as 
compared with the A, they had at no time less than 16 per cent no. i leaf color and 
at the time of differentiation displayed 24 per cent. Correlated with these condi- 
tions, the D group outyielded the A by more than 3 tons of fruit per acre. That 
the C plots, not supplied additional nitrogen until late October, yielded slightly 
less fruit than the D was owing in large part to the fact that the increase in nitrate 
reserves was not attained until a little later than in the plants of the D plots. As 
shown in table i, the plants of the B group were provided (in two applications) 

TABLE 1 

Experiment 29 F 3: Field 5518, planted November, 1939. Yields, pounds per acre of 

APPLIED nitrogen, PERCENTAGE OF LEAF NITRATE-N (NO 3 ), AND PERCENTAGE OF LEAF AREA 
EXHIBITING YELLOW-GREEN COLOR (NO. i), WITH REMAINDER OF LEAF AREA NOS. 2 AND 3 
COLORS 


LOT 

Pri- 

or 

NI- 

TRO- 

GEN 

(lb.) 

7/26/40 

8/30/40 

9/16/40 

10/25/40 

10/25/40 

12/14/40 

12/19/40 

1 2/30/40 

To- 

tal 

ni- 

tro- 

gen 

(lb.) 

Fruit 

(TONS PER acre) 

NO, 

No. 

I 

NO, 

No. 

I 

(S/16) 

Nitro- 

gen 

(LB.)* 

NO, 

No. 

I 

(10/8) 

Nitro- 

gen 

(LB.)* 

Differ- 
entia- 
tion t 

(11/13) 

Nitro- 

gen 

(lb.)* 

i 

NO, 

No. 

i 

To- 

tal 

Plus 

OR 

MINUS 

B 

Re- 

quired 

FOR 

ODDS 

19:1 

NO, 

No. 

I 

A. 

200 

.090 

23 

.063 

2t 

None 

■ 034 

33 

None 

• 051 

47 

None 

• 037 

SI 

200 

28.88 

- 3-74 

0.71 

B 

200 

. 040 

23, 


21 

80 

.052 

21 

None 

.076 


80 

.073 

24 

360 

32.62 


0.71 

C 

200 

.090 

23 

.063 

21 

None 

• 033 

28 

80 

.070 

28 

None 

• 0 S 9 

27 

2 So 

31.42 

— 1 . 20 

0.71 

D 

200 

.090 

23 

.063 

21 

120 

• 057 

16 

None 

.063 

24 

None 

.053 

27 

320 

31.91 

“0. 71 

0.71 


* Ammonium sulphate applied in lower leaf a.xils on dates given in parentheses, but because of lack of sufficient rain to dis- 
solve the fertilizer and carry it to the roots, it was not available until the proximate later date shown, 
t Budding occurred about the middle of February. 


with a total of 40 pounds more nitrogen than the D group, were consistently higher 
in nitrate reserves, were at no time deficient in carbohydrates (as 1 7 per cent was 
the lowest value for no. i leaf color), and — ^just within the limits of odds of 19:1— 
they significantly outyielded the D series by 0.71 tons per acre. That the gain in 
yield was only slightly above that of the D plants was probably owing to the fact 
that at time of differentiation, when the second application of nitrogen became 
available on December 14, the plants were nearly filled to capacity with nitrate 
(fig. 8) and displayed 17 per cent no. i color, which is only a little above the arbi- 
trary line of carbohydrate deficiency — considered to be about 15 per cent. Light 
rate and temperature were such that this did not result in carbohydrate deficiency, 
however, for even though the plants were essentially filled to capacity with ni- 
trate, they exhibited 24 per cent no. i leaf color at the end of December. 

The results summarized in tables i and 2 for the two experiments in field 5518 
show that considerable differences occurred in the relative yields of plants of com- 
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parable composition with similar nitrogen fertilization. The sites of the experi- 
ments, although in the same field, were well over a | mile apart, and while sun- 
shine, temperature, and rainfall were much the same, comparatively high wind 
velocity was probably partly responsible for relatively limited growth, in case of 
experiment 29 F 3. (Experimental trials with pineapple plants growing in aliquots 
of the same soil in asphalt-painted iron containers, furnished with drainage out- 
lets, and abundantly supplied with water and fertilizer, have shown that even 
moderate wind velocity, if long continued, may decrease the size of plants by as 
much as 25 per cent as compared with others not exposed to wind but under the 
same conditions of temperature and sunlight.) Nevertheless, in spite of differences 

TABLE 2 

Experiment 29F3A: Field 5518, planted December, 1939. Yields, pounds per acre of 

APPLIED nitrogen, PERCENTAGE OF LEAF NITRATE-N (NO3), AND PERCENTAGE OF LEAF AREA 
EXHIBITING YELLOW-GREEN COLOR (NO. i), WITH REMAINDER OF LEAF AREA NOS. 2 AND 3 
COLORS 


Plot 

1 

11/ 18/40 

II/I9/40 

12/14/40 

12/30/40 

1 

2/14/41 

To- 

tal 

NI- 

TRO- 

GEN 

(lb.) 

Fruit (tons per acre) 

Prior 

NI- 

TRO- 

GEN 

(lb.) 

NO, 

No. I 

Nitro- 

gen 

(lb.)* 

Differ 

TIG 

NO, 

ENTIA- 

'N 

No. I 

NO, 

No. I 

(Buds) 
No. I 

Total 

Plus or 

MINUS D 

t 

Re- 

quired 

FOR 

ODDS 

19:1 

A. .. . 

28s 

1 

•054 

25 

60 

.070 

25 

.066 

27 

IS 

i 

345 

35-54 i 

4-2.00 

0.64 

B. .. . 

285 

•054 

25 

80 

•073 

26 

.070 

25 

15 

365 

35-40 

4-1.86 

0.64 

C. .. . 

285 

.054 

25 

100 

.074 

25 

.071 

24 

12 

385 

36.33 

4-2.79 

0.64 

D.... 

285 

.054 

25 

None 

.064 

33 

•053 

36 

30 

285 

33-54 


0.64 


^ Ammonium sulphate applied in lower leaf axils November 13, but there was not sufficient rain to dissolve and carr>'' it to 
the roots until November ig. 


inherent in the two experimental sites, in both experiments — following diminution 
in degree of nitrate deficiency with different nitrogen treatments — the yields were 
increased. When ammonium sulphate was added to all except the D plots, on 
November i8 (table 2), the plants had a leaf-nitrate content of only 0.054 per cent. 
This was a low value in relation to the liberal starch reserve indicated by 25 per 
cent no. i leaf color. About a month following fertilization, however, plots A, B, 
and C increased materially in nitrate as compared with plots D. As a result, the 
plants of the D plots were outyielded by about 2 tons of fruit per acre. Limited 
fruit production in the D plots was unquestionably correlated with a nitrate re- 
serve definitely deficient in relation to the high starch content, indicated by over 
30 per cent no. i leaf color in December. That the plants — -especially of the C 
plots that produced 2.79 tons more fruit per acre than the D— absorbed approxi- 
mately the maximum amount of nitrate they could metabolize without incurring 
carbohydrate deficiency is indicated by only i2“i5 per cent no. i color at budding. 
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In July, as shown in table 3, the plants in field 5530 were filled nearly to capacity 
with nitrate (fig. 8) and on the borderline of carbohydrate deficiency, as indicated 
by only 14 per cent no. i color. The decrease in nitrate from 0.097 0.070 per 

cent in only one month, from July to August, might be considered too rapid were it 
not for the fact that carbohydrate reserves were low, as indicated by slightly less 
than 15 per cent no. i leaf color in both months. These responses were associated, 
however, with an average 2-hourly temperature for both months of more than 72° 
but with a light rate of less than 4000 foot candles. Nevertheless, by the end of 
October, with no nitrogen added to the A plots, leaf nitrate was 0.030 per cent, too 
low in relation to the abundant carbohydrate reserves indicated by 25 per cent 
no. I leaf color. In contrast, plots B, C, and D, supplied with nitrogen on the dates 

TABLE 3 

Experiment 29 F 3: Field 5530, planted September, 1939. Yields, pounds per acre of 

APPLIED nitrogen, PERCENTAGE OF LEAF NITRATE-N (NO 3 ), AND PERCENTAGE OF LEAF AREA 
EXHIBITING YELLOW-GREEN COLOR (NO. l), WITH REMAINDER OF LEAF AREA NOS. 2 AND 3 
COLORS 




7/8/40 

18/13/40 

00 

0 

10/8/40 

10/23/40 

11/13/40 

12/12/40 

12/27/40 

To- 

tal 

NI- 

TRO- 

GEN 

(LB.) 

Fruit (tons per 
acre) 

Plot 

Prior 

NITRO- 

GEN 

(lb.) 

NO., 

No.' 

I 

NO, 

No. 

I 

Nitro- 

gen 

(lb.) 

1 

Nitro- 

gen 

(LB.) 

NO., 

No. 

I 

Nitro- 

gen 

(LB.) 

Dip: 

ENI 

TIC 

NO, 

FER- 

•lA- 

)N* 

No.^ 

I 

NO, 

No. 

I 

1 

Total 

Plus 

OR MI- 
NUS A 

Re- 

quired 

POR 

ODDS 

19:1 

A 

260 

.097 

X4 

.070 

12 

None 

None 

.030 

25 

None 

• 039 

36 

.039 

32 

260 

32.60 


0.8s 

B 

260 

.097 

14 

.070 

12 

80 

None 

.038 

16 

80 

.062 

^5 ! 

.072 

14 

420 

35.69 

+3 . 09 

0.8s 

c 

260 

• 097 

14 

.070 

12 

None 

80 

.030 

24 

None 

• 059 

23 

■0S9 

19 

340 

35. IS 

+ 2. 55 

0.85 

D 

260 

.097 

14 

.070 

12 

120 

None 

• 045 

II 

None 

.054 

18 

.060 

16 

380 

35 . 69 

-1-3 . 09 

0.85 


* Budding occurred about the middle of FeVjruary. 


and in the amounts given in table 3, were in December materially higher in nitrate 
than the A plots, were lower in carbohydrates, and outyielded the nitrate-deficient 
A plots by about 3 tons of fruit per acre. The second application of nitrogen to the 
B plots did not increase yields over the D; While the difference in total amount of 
nitrogen added to B and D plots was only 40 pounds, the second fertilization of the 
B plots was made when the plants exhibited only 16 per cent no. i leaf color, and — 
while nitrate was subsequently nearly doubled — carbohydrates were continually 
at a very low level, for no. i color remained at 14-15 per cent. It is highly prob- 
able that lack of carbohydrates limited reduction of nitrate and new protein syn- 
thesis. 

The results reported in table 4 show that on November 18 the plants in field 
5530 contained only about half the maximum possible nitrate content (fig. 8). 
Nevertheless, 0.054 per cent leaf nitrate was clearly adequate, for carbohydrates 
associated with the climatic conditions already noted were low, as indicated by 
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1 6 per cent no. i leaf color. If past weather records (usually indicative of compara- 
tively favorable conditions for carbohydrate accumulation in field 5530) are con- 
sidered^ and the fact that there were yet about 4 months before budding — during 

TABLE 4 

Experiment 29F3A: Field 5530, planted September, 1939. Yields, pounds per acre of 
APPLIED NITROGEN, PERCENTAGE OF LEAF NITRATE-N (NOJ, AND PERCENTAGE OF LE.AF AREA 
EXHIBITING YELLOW-GREEN COLOR (NO. l), WITH REMAINDER OF LEAF AREA NOS. 2 AND 3 
COLORS 


Plot 

Pkior 

NI- 

TKO- 

GEN 

(LB.) 

11/18/40 

11/19/40 

12/1.3/40 

12/26/40 

2/14/41 

To- 

tal 

NI- 

TRO- 

GEN 

(LB.) 

Fruit (tons per acre) 

. ^ 

NO3 

No. I 

Nitro- 

gen 

(LB.)* 

Differ 

TIO 

NOj 

ENTIA- 

N 

No. I 

NO.r 

No. I 

Bod 
No. I 

Total 

Plus or 
MINUS D 

1 Re- 
quired 

FOR 

ODDS 

19:1 

A. . . . 

340 

.054 

16 

60 

.063 

14 

.073 

18 

21 

400 

35 -SS 

+0.92 

0.62 

B. . . . 

340 

•054 

16 

80 

.071 

20 

.086 

16 

17 

420 

35-86 

-f-I.23 

0.62 

C... . 

340 

.054 

16 

100 

.063 

18 

.079 

19 

22 

440 

36-25 

4-1 .62 

0.62 

D.... 

340 

.054 

16 

None 

.054 i 

23 

.056 

22 

35 

340 

34-63 


0.62 


* Ammonium, sulphate applied in lower leaf axils on November 13, but there was not sufficient rain to dissolve and carry it to 
the roots until November 19. 


TABLE 5 

Experiment 29 F i: Field 5510, planted January, 1939. Yields, pounds per acre of ap- 
plied NITROGEN, PERCENTAGE OF LEAF NITRATE-N (NO3), AND PERCENTAGE OF LEAF AREA 
EXHIBITING YELLOW-GREEN COLOR (NO. 1), WITH REMAINDER OF LEAF AREA NOS. 2 AND 3 
COLORS 


Plot 

Pri- 

or 

NI- 
TRO- ' 
GEN 

8/28/39 

9/15/39 

10/7/39 

11/27/39 

X 2/25/39 

1/4/40 

2/12/40 

To- 

tal 

NI- 

TRO- 

GEN 

(LB.) 

Fruit (tons per 
acre) 

NO3 

No. 1 

Nitro- 

gen 

(LB.) 

NO3 

No. 1 

Pre-dif- 

ferentia- 

tion 

Nitro- 

gen 

(lb.)* 

NO3 

No.i 

1 

Buds 

1 

Total 

Plus 

OR MI- 
NUS D 

Re- 

quired 

FOR 

ODDS 

19:1 

NO3 

No. I 

NO3 

No. I 

A . . . . 

28s 

. 102 

17 

80 

.091 

24 

.086 

21 

None 

.071 

19 

• 04s 

17 

36s 

34-67 

4-0.63 

0.92 

B. . 

28s 

.102 

17 

None 

.087 

25 

.071 

30 

80 

.058 

25 

.056 

16 

36s 

34-74 

4-0.70 

0.92 

C . . . . 

285 

. 102 

17 

80 

.091 

24 

.086 

21 

80 

•074 

X 9 

•OSS 

13 

445 

36 . 29 

■F2.2S 

0.92 

D.... 

285 

.. 1021 

17 

None 

.087 

25 

.071 

30 

None 

-058 

28 

.039 

28 

285 

34 -04 

1 

0.92 


* Ammonium sulphate applied in lower leaf axils on December 6 , but there was not sufficient rain to dissolve and carry it to 
the roots until the last of the month. 


which period nitrate might become deficient — additional application of nitrogen 
would be required, particularly since analyses prior to those of November i8 
showed that nitrate was decreasing rapidly. Following application of nitrogen to 
plots A, B, and C, there was (table 4) an increase in leaf nitrate that by December 
26 was nearly up to maximum for the stage of growth (fig. 8). This was coupled 
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with maintenance of adequate starch reserves, as indicated by more than 15 per 
cent no. i color in all plots by the end of December and at budding in February. 
Associated with these responses was a light rate from December through February 
of more than 5000 foot candles. Correlated with little or no deficiency of either 
nitrate or carbohydrates in plots A, B, and C, the plants significantly outyielded 
those of the D group which were clearly deficient in nitrate in relation to their 
comparatively high starch reserves. 



Fig. 9. — Comparative elongation of pineapple roots in tap water as affected by temperature. Variety 
Smooth Cayenne. Data from Watanabe (30). Roots of standard length measured before and after 48 
hours at temperatures indicated. Note limited growth below 68° and above g8°. 

The foregoing report on relative yields associated with various degrees of ni- 
trate deficiency, in plants containing sufficient reserves of carbohydrates, is char- 
acteristic of an enormous amount of experimental evidence obtained in many loca- 
tions during a period of several years. There would seem to be little gained, how- 
ever, by mere repetition of similar plant performances in other experiments. But 
table 5 includes, in addition to results similar to those already discussed, rather 
clear indications of the importance of continually maintaining adequate nitrate 
reserve in relation to carbohydrates the last 3 months before buds emerge. This is 
in contrast to earlier stages of growth when, as will be shown, plants may be per- 
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mitted to decrease materially in nitrate in relation to carbohydrates for 1-2 months 
with little or no effect on yields. Table 5, however, shows that this is far from the 



J'AM'AO APm OCZ JAAfJ^/ 


Fig. 10.*— With same total nitrogen fertilization, plots F outyielded plots B, demonstrating relative 
importance at floral differentiation of adequate nitrate in relation to no. i leaf color. Compare earlier 
months when plants of F series were nitrate deficient and those of B were not. At differentiation, plants 
of B were too low in nitrate for the high carbohydrate reserve indicated by 30 per cent no. i color. 

Figs. 10-14: broken lines, leaf color; solid lines, leaf nitrate. 

case during the period just prior to budding, for the C plots— continually main- 
tained with adequate nitrate reserves — gave a gain of over 2 tons of fruit per acre 
as compared with the D plants, which were extremely deficient in nitrate. This 
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was true even though prior to October, at initiation of the experiment, all the 
plants were filled to capacity (fig. 8) with nitrate, the leaf value being 0.102 per 
cent coupled with but 1 7 per cent no. i leaf color. In contrast to the high-yielding 



Fig. II , — As in fig. lo, note relative importance at floral differentiation of avoiding nitrate deficiency 
in relation to carbohydrates (no. i color). Plots F, adequately supplied with nitrate at this period, out- 
yielded those of B that in relation to carbohydrates (no. i color) were deficient in nitrate at that time but 
highest in nitrate earlier. Note much higher nitrate reserves at differentiation than in field 5477 (fig. 10). 
Field 5530 is a relatively warm location. Greater nitrate absorption but carbohydrate deficiency did not 
occur, as even F plots were over 15 per cent no. 1 color at differentiation. 

C plots, the plants of the A plots were deficient in nitrate in January and February, 
and the B plants were lacking in nitrate from November through December and at 
least the early part of January. The temporary elimination of nitrate deficiency in 
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the A and B plots by the application of 8o pounds of nitrogen, as indicated in ta- 
ble 5 , did not give significant increases in yield. On the other hand, the C plots, 
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Fig. 12.— In contrast to figs. lo and ii, at floral differentiation nitrate was not deficient in relation to 
carbohydrates in either plots D or F, for they approached the arbitrary point of carbohydrate deficiency, 
about 1$ per cent no. i color. Earlier, F was deficient in nitrate in relation to no. i color. Accordingly F 
was significantly but not as greatly outyielded by D as would probably have been the case if nitrate had 
been low at differentiation instead of earlier. 


that at no time were deficient in nitrate owing to the i6o pounds of nitrogen added, 
gave more than three times the gain of either A or B. 

The time element was undoubtedly important in relation to these responses. As 
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nitrate is not directly essential for the growth of pineapple (24, 25) or probably any 
other green flowering plant (17, 18), it may well be asked why it is necessary to 
maintain any particular concentration of it in the pineapple plant as long as the 



smm APRIL JULY ocn janmo 


Fig. 13. — Unlike figs. iO”i2, note that prior to floral differentiation (not at differentiation) plots D 
and B were about equally and adequately supplied with nitrate, Higher nitrate in midsummer could not 
have increased yields, no. i color being only 10 per cent, indicative of approaching carbohydrate de- 
ficiency. With higher carbohydrate reserves indicated in November by increase to about 20 per cent 
no. I color, B should have heen higher in nitrate. It was accordingly outyielded by D, that in relation to 
carbohydrates was adequately supplied with nitrate. 

reserve of nitrate is not completely exhausted. While the answer cannot be given, 
it would seem that nitrate in the plants at low concentration is not metabolized as 
efficiently, or freely, per unit of stored nitrate as when the concentration is higher, 
provided sufficient carbohydrates are available for the growth responses desired 
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and for oxidation and energy, as nitrate is reduced. In other plants that accumu- 
late nitrate, as tomato, if the external source of nitrogen is chiefly nitrate, as it 
probably is in most tillable agricultural soils, there must continually be maintained 



Fig. 14,— Prior to July, plants of plots A and B were filled to capacity with nitrate. Nitrate dropped 
after July, but in neither treatment became deficient in relation to carbohydrates, for no. i color after 
July was about 15 per cent or lower, indicative of low carbohydrate reserves. Accordingly, heavier nitro- 
gen applications to A than to B were ineffective. Tables i~6 give positive effects of nitrogen added to 
high-carbohydrate plants; tables 7--10 give additional examples of negative effects of nitrogen added to 
low-carbohydrate plants. 

ia the plant a fairly high concentration of nitrate to insure a synthesis from it of 
organic nitrogen sufficiently rapid to permit vigorous growth (i8) . Rapid growth 
and protein synthesis from nitrate practically cease in tomato, and apparently in 
pineapple, considerably before the nitrate reserves are completely exhausted. 
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The G plots, as shown in table 5, were not deficient in nitrate at any time during 
the experimental period. It does not seem likely, however, that they received an 
excess of nitrogen, for at the time the buds became evident they were slightly be- 
low the arbitrary point of 15 per cent no. i leaf color — at which pineapple plants 
are considered to be deficient in starch reserves. Certainly, prior to the initiation 
of experiment 29 F i in field 5510, there was no over-fertilization with nitrogen, as 
indicated in June, for instance, when routine field records for the proximate site of 
the experimental area showed that leaf nitrate was 0.088 per cent, with 38 per 
cent no. i leaf color. A nitrate value under these circumstances of 0.100 per cent 

TABLE 6 

EXPERIMENT 29F3A: Field 5403, planted October, 1939. Yields, pounds per acre of 
APPLIED NITROGEN, PERCENTAGE OF LEAF NITRATE-N (NO3), AND PERCENTAGE OF LEAF AREA 
EXHIBITING YELLOW-GREEN COLOR (NO. i), WITH REMAINDER OF LEAF AREA NOS. 2 AND 3 

colors 


Plot 

Prior 

NI- 

TRO- 

GEN 

(LB.) 

0 

00 

0 

n/19/40 

12/12/40 

12/26/40 

2/14/41 

To- 

tal 

NI- 

TRO- 

GEN 

(lb.) 

Fruit (tons fer acre) 

NO., 

No. I 

1 

i 

Nitro- 

gen 

(lb.)* 

Differ 

TIO 

NOi 

ENTI.\- 

•N 

j 

No. I 

NO3 

No. I 

p 0 

Total 

Plus or 
MINUS D 

Re- 

quired 

FOR 

ODDS 

19: t 

A. . . . 

340 

•032 

21 

60 

.040 

19 

.052 

12 

22 

400 

33-77 

-1-2. 28 

I .07 

B 

340 

.032 

21 

80 

.039 

23 

•053 

13 

.21 

420 

33-99 

+ 2.50 

I .07 

C 

340 

.032 1 

21 

100 

.041 

21 

.056 

14 

19 

440 

34.63 

+ 3-14 

I .07 

D.... 

340 

.032 

21 

None 

.028 

31 

.030 

19 

32 

340 

31.49 


I .07 


* Ammonium sulphate applied in lower leaf axils November 9, but there was not sufficient rain to dissolve and carry it to the 
roots until November ig. 


would not have been too high (fig. 8), but that the C plots received practically 
ideal nitrogen nutrition after initiation of the experiment, and that this was cor- 
related with marked, significant increases in yields, has been noted. Obviously, 
not less than about 445 pounds of nitrogen per acre was needed for maximum fruit 
production in field 5510 under the very favorable climatic conditions that pre- 
vailed. This is in contrast to results to be reported for the crop a year earlier in 
field 5508 (fig. 14). The two fields adjoin each other and yet, while about 445 
pounds of nitrogen per acre was required for the 1940 crop in field 5510, only about 
252 pounds of nitrogen was needed for the 1939 crop, a difference of more than 75 
per cent in nitrogen requirements in successive years in essentially the same loca- 
tion.' 

The following data pertain to the responses of nitrate-deficient pineapple plants 
under conditions of comparatively low temperature. In some respects the results 
for field 5403, typical of other cool locations (table 6), seem aberrant in relation 
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to the responses of other species, since low temperature apparently is not con- 
ducive to carbohydrate accumulation in pineapple. It is well known for many 
types of plants that moderately low temperatures, although not favoring rapid 
carbon-dioxide assimilation, tend to conserve carbohydrates already contained, as 
well as those newly synthesized. This is probably owing mainly to a decrease in 
rate of respiration of sugars or their derivatives (i8). In field 5403 the average 
2-hourly air temperatures were — as usual — relatively low, being respectively 
about 67°, 65^, and 63° for December, January, and February of the experimental 
period at the nearest weather station, about a mile away. Actually the air tem- 
peratures at the site of the experiment were probably lower, as judged from 
occasional temperature readings. The light rate for the same months at the near- 
est weather station was about 5000 foot candles. Considering their low nitrate 
content at the initiation of the experiment (table 6), however, the plants were not 
very high in carbohydrates, as indicated by only 21 per cent no. i leaf color. 

Another notable feature is that at time of differentiation, although white root 
tips were abundant and soil moisture adequate, leaf nitrate had been raised from 
0.032 to only 0.041 per cent by 100 pounds of nitrogen added about a month be- 
fore. This figure is in contrast to 0.075-0.086 per cent at differentiation, which, 
when coupled with adequate carbohydrate reserves, has been shown to be essential 
for maximum production of fruit (tables 1-5), But that such high nitrate values, 
if practically attainable, in field 5403 would probably not have increased yields but 
would have been associated with extreme carbohydrate deficiency, is indicated by 
the low percentage of no. i color (12-14 per cent) in the nitrogen-supplied plants 
of plots A, B, and C. The plants displayed this leaf color on December 26, even 
though nitrate at that time was 0.056 per cent, which may be compared with a 
maximum possible value of about 0.085 (fig- ^)- There was seemingly a 

low rate of absorption of nitrate; on the other hand, with the considerable in- 
creases in yields associated with increased nitrate reserves (table 6), it does not 
seem likely that reduction of nitrate and new protein synthesis that occurs mainly 
in the leaves (24, 25) could have been seriously limited by low air temperature. 
What influences the low air temperatures concerned may have had upon carbon- 
dioxide exchange is problematical. It is significant that the plants of plots A, B, 
and C, although low in actual percentage of nitrate, for the most part contained 
enough, in relation to carbohydrates, as indicated by leaf-color values. Although 
the plants in field 5403 were on an apparently comparatively low plane of nitrate 
and CO2 nutrition, the condition of balance noted was correlated with increases in 
yields of 2~3 tons of fruit per acre as compared with the plants of the D plots that 
exhibited a condition of imbalance owing to nitrate deficiency (table 6) . 

Soil temperature and nitrate absorption.^ — Because carbohydrate re- 
serves were low and large increases in nitrate would therefore have been unde- 
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sirable, the apparently slow rate of absorption of nitrate by the plants in field 5403 
probably did not influence yields unfavorably, although if absorption had occurred 
more freely, lesser amounts of fertilizer might well have been employed. But if 
opportunity for carbohydrate accumulation, in this or another field, should at any 
time be much greater, then any factor that materially repressed absorption of ni- 
trate would be decidedly disadvantageous. There may be several reasons for this 
limited uptake of nitrate. While certain desirable data are not at hand, Schroeb- 
ER (23) found that cucumber roots absorbed practically no water at 55° and that 
absorption was about twice as rapid at 70° as at 60°. Similar information for pine- 
apple does not appear to be available, but Watanabe (30) has shown that until a 
temperature of about is reached, pineapple root tips elongate very slowly 

(fig. 9). It does not seem unlikely that the same temperatures that limit growth 
of roots would also repress other activities, including absorption of nitrate. While 
continuous records of soil temperature were not obtained and momentary readings 
taken during the day at monthly intervals (at a depth of about 8 inches between 
the plants at the edge of the mulch paper) leave much to be desired, determina- 
tions show that the soil temperatures in field 5403 on December 12 and 26, respec- 
tively, in the area of the experiment, were 69° and 6 f. These temperatures may 
be compared with determinations in field ss^o. There nitrate was apparently free- 
ly absorbed (table 5), and on the most nearly corresponding dates the soil tempera- 
tures were 73.4° and 72.5°. At least, when they were read, the soil temperatures in 
field 5403 were just about at the point where there is a sharp break in the curve for 
rate of root growth (fig. 9). A slight increase or decrease in temperature would 
probably affect the rate of growth and possibly the absorption of nitrate. 

As already pointed out, the percentage of white root tips was comparatively 
high in field 5403. This evidence is not, however, contradictory to Watanabe’ s 
(30) results (fig. 9). A high percentage of meristematic or semi-meristematic white 
root tip tissue does not always indicate that the roots are increasing in volume or 
elongating rapidly. It is just as indicative of a slow rate of maturation and of dif- 
ferentiation of secondary elements, including lignified xylem vessels, fibers, and 
suberized cells. This situation was exhibited by peach and apple roots that re- 
mained largely undifferentiated for weeks at 55^^ and yet increased in length 
very slowly. At 75°, elongation of roots was rapid, but so also was differentiation, 
and at no time was there as great a proportion of white root tips as at lower tem- 
peratures (16); 

Carbohydrate BEEiciENcy AT time oe floral DiEFERENTiATiON.—The strik- 
ing increases in yields which occurred when nitrate deficiency was corrected by 
applications of nitrogen during the period of differentiation and development of 
flower buds have been noted. The results presented in tables 7-10 show that— dur- 
ing the same stage of growth — increases in concentration of nitrate in the pineapple 
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plant/ when coupled with carbohydrate deficiency (as arbitrarily indicated by less 
than 1 5 per cent no. i leaf color), typically did not increase yields significantly and 
were sometimes associated with apparent decrease in production of fruit. In field 
5426 the plants of all the plots were approximately filled to capacity with nitrate 
by the end of September (table 7). The plants of the B plots contained nearly the 
maximum possible nitrate reserve (fig. 8) and were on the borderline of carbohy- 
drate deficiency, as they displayed only 14 per cent no. i leaf color in September, 
even though up to that time they had been provided with less than 200 pounds of 
nitrogen per acre in contrast to over 300 for plots A and AX. 

The B plots were fertilized, however, with the objective of obtaining the maxi- 
mum possible yields on the site of the experimental area without employing a 

' TABLE 7 

Experiment 31 X: Field 5426, planted November, 1937. Yields, pounds per acre of ap- 
plied NITROGEN, percentage OF LEAF NITRATE-N (NO3), AND PERCENTAGE OF LEAF AREA 
EXHIBITING YELLOW-GREEN COLOR (NO. l), WITH REMAINDER OF LEAF AREA NOS. 2 AND 3 
COLORS 


Plot 

i 

Prior 

NI- 

TRO- 

GEN 

(LB.) 

0/23/38 

9/25/38 

10/25/38 

10/29/38 

12/1/38 

i 

12/29/38 

1 1/25/39 

1 

3/1/39 

To- 

tal 

ni- 

tro- 

gen 

(LB.)| 

1 Fruit (tons per 
acre) 

NO3 

No. 

I 

Nitro- 

gen 

(LB.)* 

NO3 

; No. 

I 

Nitro- 

gen 

(lb.) 

NO3 

No. 

I ! 

Differ- 

entia- 

tion 

NO3 

No. 

I 

Buds 

To- 

tal 

Plus 

OR MI- 
NUS B 

Sig- 

nifi- 

cance 

NO3 

No. 

I 

NO., 

No.l 

I 

A 

332 

■ los 

6 

None 

.090 

20 

None 

.079 

26 

.048 

34 

.058 

23 

.058* 

19 

332 

30.3 

—0.70 

None 

B 

192 

,096 

14 

None 

.080 

21 

60 

.084 

20 

.062 

22 

. 060' 

17 

.058' 

22 

252 

31.0 


None 

AX 

352 

.096 

10 

80 

.084 

18 

None 

.084 

19 

• 057 

24 

.064 

18 

.o6r 

19 

432 

30.6 

—0,40 

None 


Ammonium sulphate applied in lower leaf axils September 9, but there was not sufficient rain to dissolve and carry it to 
the roots until September 25. 


luxury supply of nitrogen. Consequently the plants were not supplied with addi- 
tional nitrogen until they had built up a higher carbohydrate reserve, as indicated 
by an increase from 14 to 21 per cent no. i leaf color at the end of October. Nitro- 
gen was then applied sparingly, employing only a 6o-pound application because 
carbohydrate reserves were not higher. The B plots were at least not outyielded 
by the others receiving up to 160 pounds more nitrogen per acre (table 7). That 
the application of 80 pounds of nitrogen to the AX plots in September would be 
futile might be anticipated, for the limiting factor was carbohydrates and clearly 
not nitrate. The plants were filled nearly to capacity with it, but were definitely 
deficient in starch, no. i leaf color being only 10 per cent. Subsequently the plants 
of the AX plots built up a slightly higher carbohydrate reserve, but not sufficient 
to require a nitrogen application, for nitrate reserves remained high in relation to 
carbohydrates. 
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The A plots present an interesting situation in that, although supplied with a 
luxury amount of nitrogen, the timing of the applications of the different incre- 
ments of it was so poor that at about the time of differentiation still more nitrogen 
was needed, for the plants had decreased to 0.048 per cent nitrate, too low (tables 
i-'6) for 34 per cent no. i leaf color with which it was coupled. A light application 
of about 60 pounds of nitrogen to the A plots at about time of differentiation 
might therefore have increased yields slightly, provided the fertilizer became im- 
mediately available. 

Field 5518, when nitrate deficiency was corrected (table i), showed striking in- 
creases in yield, up to 3.74 tons per acre. These favorable responses followed the 
application of nitrogen to plants that exhibited 21 per cent no. i leaf color. It is a 

TABLE 8 

Experiment 31 D: Field 5518, planted November, 1939. Yields, pounds per acre of ap- 
plied NITROGEN, PERCENTAGE OF LEAF NITRATE-N (NO.O, AND PERCENTAGE OF LEAF AREA 
EXHIBITING YELLOW-GREEN COLOR (NO. i), WITH REMAINDER OF LEAF AREA NOS. 2 AND 3 
COLORS 


Plot 

Prior 

NI- 

TRO- i 

GEN 

(LB.) 

9/24/40 

10/21/40 

10/23/40 

1 2/ 1 1/40 

12/27/40* 

To- 

tal 

NI- 

TRO- 

GEN 

(lb.) 

Fruit (tons per acre) 

NO, 

No I 

NO, 

No. 1 

Nitro- 

gen 

(lb.) 

NO, 

No. I 

Diff: 

tia: 

NO, ' 

i 

EREN- 

IION 

No. I 

i 

Total 

i 

Plus or 
MINUS B 

Signifi- 

cance 

B 

340 

•059 

19 

.073 

18 

None 

. 062 

22 

.068 

20 

340 

32.43 


None 

D 

340 

.060 

21 

.072 

21 

80 

. .072 

20 

•085 

13 

420 

32.99 

•4*0.56 

None 


* Budding in late February, 1941. 


coincidence that the plants described in table 8, likewise in field 5518, just prior to 
a nitrogen application, also displayed 21 per cent no. i color. In contrast, how- 
ever, they gave no significant increases in yield from added nitrogen, even though 
leaf nitrate was ultimately greatly increased. The answer to these seemingly di- 
vergent responses is not apparent until the relative nitrate reserves are considered, 
not only for the respective dates just prior to nitrogen treatments but in each case 
at an earlier date of analysis. As shown in the first case (table i), leaf nitrate de- 
creased rapidly in one month from 0.090 to 0.063 cent, the latter figure being 
in combination with 21 per cent no. i color. In the second instance, where no sig- 
nificant increases in yield followed fertilization (table 8), there had been just prior 
to the nitrogen application an increase in nitrate, in a little less than one month, 
from 0.060 to 0.072 per cent, with no. i color remaining constant at 21 per cent. 
Evidently the addition of nitrogen to plants displaying this color, indicative of a 
rather low starch reserve, would seldom be considered advisable with nitrate in- 
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creasing rapidly and at the concentrations recorded. Eighty pounds of nitrogen, 
added to the plants of the D plots, increased nitrate to approximately the maxi- 
mum possible level at differentiation, and there was a gain in yield — not signifi- 
cant — of only 0.56 of a ton per acre. But the high nitrate value was associated 
with low concentration of carbohydrates, for the plants exhibited only 13 per cent 
no. I leaf color. Unquestionably carbohydrates, and not nitrate, were the limiting 
factor to greater tonnage. 

This discussion is concerned with the condition of the plant during the last 3'~4 
months before buds appeared, not particularly with the agricultural practices 
employed, with prior fertilizer treatments, or with the fluctuating array of en- 
vironmental influences characteristic only of the season and of a specific site. On 
the other hand, the responses of plants, quantitatively described, furnish informa- 

TABLE 9 

Experiment 31 C: Field 5415, planted November, 1938. Yields, pounds per acre of ap- 
plied NITROGEN, PERCENTAGE OF LEAF NITRATE-N (NO 3 ), AND PERCENTAGE OF LEAF AREA 
EXHIBITING YELLOW-GREEN COLOR (NO. i), WITH REMAINDER OF LEAF AREA NOS. 2 AND 3 
COLORS 


Plot 

Pri- 

or 

: NI- 
TRO- 
GEN 
(LB.) 

8/16/39 

9/12/39 

9/21/39 

10/20/39 

11/21/39 

12/26/39 

2/6/40 

1 

! To- 
tal 

NI- 

TRO- 

GEN 

(LB.) 

Fruit (tons per 
acre) 

NO, 

No. II 

NO, 

No. I 

Nitro- 

gen 

(lb.) 

NO, 

No. I 

Pre-dif- 

ferentia- 

tion 

NO, 

No. 1 

NO, 

No. I 

To- 

tal 

Plu.s 

OR MI- 
NUS D 

Sig- 

nifi- 

cance 

NO, 

No. I 

B..,. 
D. . . 

360 

340 

.096 

.089 

I . ‘5 
18 

.084' 

.072 

12 

14 

None 

80 

.067 

.087 

17 

i 6 

.062 

.068 

3 t 

28 

.0501 

•054 

24 

20 

• 039 

• 043 

23 

16 

360 

420 

38.03 

37.88 

4 - 0 . IS 

None 

None 



tion that is of general use in subsequent years even though a vast number of dif- 
ferent environmental patterns and fertilizer treatments may lead to the production 
of plants essentially similar in content of nitrate and carbohydrates. Thus, in table 
9 it is not implied that either of the plots had an efficient schedule of nitrogen ap- 
plications prior to August, although the nitrogen nutrition of the plants in earlier 
months of growth is discussed elsewhere. The fact is simply emphasized that the 
plants of the D plots, even though decreasing in nitrate, were bordering on carbo- 
hydrate deficiency shortly before they received 8o pounds of nitrogen on Septem- 
ber 21. That this application of nitrogen materially increased the nitrate content 
a month later is apparent from table 9. Nevertheless, this was not correlated with 
any increase in tonnage, but rather with an apparent but not statistically significant 
loss. Negative effects from nitrogen added to plants low in carbohydrates is a 
characteristic response that has occurred repeatedly. The plants of the D plots 
thus responded typically, for just before and a month after nitrogen was applied 
they displayed, respectively, only 14 and 16 per cent of no. i leaf color — indicative 
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of low carbohydrate reserves. Further, nitrogen added when plants are deficient 
in carbohydrates frequently appears to be a total loss, even though subsequently 
there may be accumulated a more liberal carbohydrate supply, as in the plants of 
the D plots just before differentiation. These plants at that time might have given 
increased yields if nitrate had then been higher in relation to the prevailing leaf 
color, 28 per cent no. i . On October 24, however, 4.2 inches of rain fell, and during 
the month there was nearly 7 inches. This may have resulted in removal of ni- 
trate, in whole or in part, from the soil in the vicinity of the root systems. 

Much additional evidence might be given to support that already presented. 
In field 5320 the responses were sufficiently different from the foregoing reports to 

TABLE 10 

Experiment 29 F 2: Field 5320, planted November, 1938. Yields, pounds per acre of 

APPLIED NITROGEN, PERCENTAGE OF LEAF NITRATE-N (NO.0 , AND PERCENTAGE OF LEAF AREA 
EXHIBITING YELLOW-GREEN COLOR (NO. i), WITH REMAINDER OF LEAF AREA NOS. 2 AND 3 
COLORS 


i 

Plot 

Prior 
m- 1 

TRO- 

GEN 

(lb.) 

10/16/39 

12/1/39 

1 2/1/39 

i/is/40 

2/19/40 

i To- 
tal 

NI- 

TRO- 

GEN 

(LB.) 

Fruit (tons per acre) 

i 

NO, 

No. I 

Pre-differ- 

entiation 

Nitro- 

gen 

(lb.)* 

NO, 

No. I 

Buds 

Total * 

Plus or 
MINUS A 

Re- 

quired 

FOR 

ODDS 

19:1 

NO, 

No. I 

NO, 

No. I 

A 1 

372 

•045 

30 

1 -055' 

22 

None 

.060 

14 ; 

•0451 

14 

372 

31.92 



B i 

372 

.o45| 

30 

.055. 

22 

80 

.074 

j 

3 i 

.051 

3 

452 

32.81 

-f-o • Sq 

0.83 


* Ammonium sulphate applied in lower leaf axils on November 16, 1939, but there was not sufficient rain to dissolve and carry 
it to the roots until after December i, 1939. 


make brief mention of them worth while. Before differential nitrogen treatments 
were introduced (table lo), the plants exhibited 30 per cent no. i leaf color and only 
0.04s per cent leaf nitrate-nitrogen. The maximum possible nitrate content for 
this stage of growth is about 0.100 per cent (fig. 8). Knowing nothing about the 
climatic conditions characteristic of field 5320, the conclusion might be reached 
that these plants were definitely deficient in nitrate in relation to carbohydrates, 
as 30 per cent no. i color is indicative of a very liberal reserve of starch. While 
such was presumably the case, the plant condition that prevailed would not neces- 
sarily indicate that substantial increases in yields would occur following increase 
in nitrate reserves. In the first place, it should be noted that— without any am- 
monium sulphate being added — leaf nitrate increased during November from 0.045 
to 0.05 s per cent, and no. i leaf color during the same period decreased from 30 to 
22 per cent. Soil nitrate fluctuates materially (2) and may have been in part re- 
sponsible for the rise in leaf nitrate. But even more critical is the fact that the 
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light rate in fall and winter is typically low in the area of field 5320. For example, 
during the experimental period for November-January, the light rate was almost 
exactly 3500 foot candles each month. These conditions are not favorable for 
abundant accumulation of carbohydrates, particularly when — with about 16,000 
plants per acre — the lower leaves are exposed to but a small fraction of the total 
light intensity. Correlated with the low light rate, even the A plots (to which no 
nitrogen was added during the experimental period) were just on the arbitrary 
borderline of carbohydrate deficiency in January and February, for they displayed 
only 14 per cent no. i leaf color. On the other hand, the B plots, to which 80 
pounds of nitrogen was added the first of December, increased in leaf nitrate over 
A, but this was correlated with a decrease in no. i leaf color to 3 per cent. Associ- 
ated with these responses was an increase of less than i ton of fruit per acre, just 
within the limits of statistical significance. 

The foregoing experiments, with many similar ones not here reported, furnish a 
fair picture of the high degree of precision that can be attained in the nitrogen nu- 
trition of pineapple. With plant records taken in routine field analyses at monthly 
intervals, however, and with weather for the succeeding month uncertain, abso- 
lute precision in fertilization is unattainable. Thus, if sunshine and temperature 
for any particular location were much more favorable for carbohydrate accumula- 
tion than would be anticipated from weather reports in other years, increased ni- 
trate reserves might well be associated with gains in yields that would not usually 
occur. On the other hand, if carbohydrate accumulation were limited by unusual- 
ly adverse weather conditions, gains in fruit tonnage from increases in the nitrate 
level would be lacking, or much less than anticipated. 

As will be shown presently, extreme precision in the timing of nitrogen applica- 
tions is apparently unnecessary in the earlier stages of growth. The foregoing re- 
marks apply particularly, therefore, to the last 3 months before budding. But if 
plant records are taken as described and employed as a guide to nitrogen require- 
ments, a contemplated application of nitrogen may usually be depended upon to 
produce certain definite results, even though the weather may be somewhat atypi- 
cal for the site, except where plants are on the borderline of nitrate or carbohy- 
drate deficiency. And under either of these conditions, a not very great shift in 
weather might materially influence the results obtained. 

This report of investigations on only fruitful classes of pineapple plants, all with- 
in the range of types that for convenience Kraus and Kraybill (10) placed in a 
single class, is strongly supported by the studies which Russell and Bishop (22) 
have made of barley, wherein they likewise employed only fruitful plants growing 
under field conditions within a relatively narrow range of practical productivity. 
After 10 years of research, they state — referring to nitrate and carbohydrate as- 
similation— These two factors produce two entirely different effects. Up to a 
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certain quantity, increases in the nitrate supply in the soil correspondingly in- 
crease the nitrate uptake by the plant, and this correspondingly increases its carbo- 
hydrate assimilation. The yield thus increases, but the composition of both plant 

and of grain hardly changes Further increases in soil nitrate supply beyond 

this stage have a different effect: they raise the nitrogen content of the plant as a 
whole and of the grain, but do not correspondingly increase the yields. There is no 
sharp point where increased yield ceases and increased nitrogen content begins; 
both effects overlap, but the change is well marked around a certain nitrogen con- 
tent.’^ Thus, work with another plant, produced under the climatic conditions 
prevailing in England, gave results which, in principle, are in entire accord with 
those of pineapple grown in the semitropical environment of Hawaii. Obviously 
these principles (lo) are not new or peculiar to pineapple, but they are of interest 
in that they have been directly applicable in increasing the effective use of nitro- 
gen in the nutrition of this plant over very considerable acreages. 

Nitrate deficiency during early vegetative stages and subsequent 
RECOVERY. — It is apparent that the period at which differentiation of flower buds 
takes place is a critical stage of growth. If at that time nitrate is deficient in rela- 
tion to carbohydrates, as indicated by plant records, pronounced losses in yield of 
fruit may be prevented if the deficiency is promptly corrected by addition and ab- 
sorption of nitrogen. It has also been shown that — even though the concentration 
of nitrate in the plant may be extremely low — added nitrogen, whether or not it 
raises the nitrate reserves, may be ineffective if applied to plants deficient in car- 
bohydrates. In contrast, during the earlier stages of growth there is much more 
latitude. Even when carbohydrate reserves are abundant, as indicated by no. i 
leaf-color values materially higher than 1 5 per cent, there may be 3-4 months dur- 
ing which nitrate reserves decrease to much lower than the maximum values shown 
in figure 8, with relatively slight loss in yield of fruit (fig. 12). This is true provided 
the plants are not deficient in nitrate in relation to carbohydrates during the period 
of floral differentiation and bud development. A few examples, typical of results 
that have appeared repeatedly, are given here. 

Figure 10 shows that plots B and F both received 340 pounds of nitrogen per 
acre, but that the plants of the F plots significantly outyielded those of the B plot 
by 1.47 tons of fruit per acre. This was owing to the fact that the B plots received 
a predetermined schedule of nitrogen treatment which, within the imposed limit 
of the 340 pounds, appeared no less desirable than some other that might have 
been formulated in advance. In contrast, as soon as the plants became estab- 
lished, those of the F plots were fertilized on the basis of the determinations made 
of leaf nitrate and leaf color, due account also being taken of the absorptive ca- 
pacity of the root system, as indicated by the percentage of white root tips and the 
root anchorage. The first differential treatment between the two plots occurred 
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in March, when the B plots received only 6o pounds of nitrogen. Leaf-color values 
were not available at that time, because the leaves had not expanded sufficiently 
to permit taking such records. But with nitrate content increasing rapidly at that 
time (fig. lo), any immediate application of nitrogen was not essential. In May 
the B group was again supplied with nitrogen, but this time loo pounds was em- 
ployed while the F plots received only 6o. Nitrogen was added to the F group be- 
cause of the flattening off of the nitrate curve and the very high percentage of 
no. I leaf color (fig. lo). More than 6o pounds of nitrogen was not applied, how- 
ever, because the plants were still very small and the percentage of no. i leaf color 
was decreasing rapidly. One month later the leaf-nitrate content of the B group 
was about o.ioo per cent, approximately the maximum value attainable (cf. fig. 8). 
The F plots were slightly lower, 0.090 per cent. In August the plants of the F plots 
had dropped to 0.060 per cent leaf nitrate and displayed 35 per cent no. i leaf 
color. Additional nitrogen was therefore necessary, and 100 pounds was applied. 
The B group received 80 pounds. Note the very sharp rise in nitrate and shift 
from 3 s to 20 per cent no. i yellow-green color (only in the F plots) about a month 
after the fertilizer was applied. Note further that the trend of the nitrate and color 
curves in figure 10 was apparently affected very little, if at all, by the nitrogen 
added to the B plots. The strong positive response of the F plots to added nitro- 
gen and the seemingly negative reaction of the B groups are characteristic, not 
only of pineapple but of many other plants. Whatever the reason, it seems con- 
sistently true that plants deficient in nitrate and high in carbohydrates — ^when 
given a liberal external supply of nitrate — absorb and reduce it much more vigor- 
ously per unit of plant weight than do plants with a less abundant carbohydrate 
reseiwe and a higher nitrate content (18). Thus, during late summer, the plants 
of the F plots were definitely low in nitrate in relation to carbohydrates, and — as 
the plant weight records showed — had been growing in volume relatively slowly. 
They were nevertheless actively storing up a carbohydrate reserve, as indicated 
by 35 per cent no. i color. The time spent in carbohydrate manufacture and 
therefore not available for vigorous protein synthesis — owing to lack of a sufficient 
concentration of nitrate in the plant from which freely to manufacture it — was 
seemingly of little or no disadvantage. When nitrate was again made available, 
the high carbohydrate plants of the F plots apparently absorbed and reduced it 
far more actively than they would have, had carbohydrates been materially lower. 
The B plots, on the other hand, could not efficiently use, and did not need, the 
nitrogen application at the time they received it; for in August, just before they 
were provided with 80 pounds, they were on the borderline of carbohydrate de- 
ficiency, displaying only about 1 5 per cent no. i leaf color. 

Clearly, this nitrogen could later have been used by the plants to advantage if 
it had remained available in the soil until the B plots, just before floral differentia- 
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tion, increased in starch reserves to the point where they displayed about 30 per 
cent no. i leaf color. But the nitrogen seemingly was not then available, possibly 
owing to leaching by fairly heavy rains (fig. 10). The favorable yield given by the 
F plots is probably owing in large part to the fact that 80 pounds of nitrogen ap- 
plied in November, as the plants exhibited about 30 per cent no. i leaf color, 
brought them into the critical period of floral differentiation with about the 
maximum nitrate content that could be carried without incurring carbohydrate 
deficiency. In February, a little before budding, the plants of the F plots displayed 
only about 15 per cent no. i leaf color. 

While perhaps of only incidental interest, it is shown in figure 10 that the leaf- 
color and leaf-nitrate curves do not always have similar trends. Nitrate reduction 
accompanied by carbohydrate oxidation, new protein synthesis, and often ac- 
celerated respiration (18) is only one of several factors that can cause a shift in leaf 
color and in concentration of carbohydrate reserves. Cloudy weather or shading 
as the plants become larger and more crowded will often result in darker green 
color, even if not so extreme as to induce etiolation. Both nitrate determinations 
and color readings have contributed to increased efficient use of nitrogen in ferti- 
lization of pineapple. Neither alone is adequate. For instance, even though nitrate 
is decreasing rapidly in the F plots from December to February, the plants are be- 
coming greener (fig. 10). On the contrary, during March and April, while the 
plants of the B plots were approximately filled to capacity with nitrate, they did 
not decrease significantly in percentage of no. i leaf color until the third month, 
and then continued to increase in greenness for the next 3 months — although 
nitrate decreased during the same period. 

The application of nitrogen just prior to floral differentiation that gave the 
favorable results shown in figure 10 is no reason for assuming that a similar ferti- 
lizer treatment might be effective for the next planting in the same field, as already 
indicated in tables 7-11. Because climatic conditions vary from year to year, the 
schedule of nitrogen fertilization cannot be made inflexible, but must vary in ac- 
cordance with them. 

The results shown in figure 1 1 are essentially similar to those already described 
for field 5477 (fig. 10), and there is little point in a complete review of the experi- 
mental manipulations and plant responses in the relatively warm field 5530. In 
spite of differences in yields (about 8 tons of fruit per acre between the two loca- 
tions), owing in large part to unlike environment, the general principles involved 
are essentially the same. Within the imposed limit of 340 pounds of nitrogen, 
materially greater yields were obtained in the F plots, which at the time of differ- 
entiation contained an adequate nitrate reserve in relation to carbohydrates, even 
though during the earlier stages of growth they were relatively low in nitrate as 
compared with the B plots. 
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As a rule there have been enough experimental plots in any given lield so that 
the various situations presented in figures 10-14 have often been demonstrated in 
a single location. The principles demonstrated by these responses of the plants 
are characteristic of the plant itself and not peculiar to an experimental site. 
Thus, fields 5477 and 5530 both show that if for any reason the nitrogen supply 
must be limited, it can best be withheld during the earlier stages of growth, not 
during the period of floral differentiation and development (figs. 10, ii). Yet field 
5477, because of comparatively high elevation, has an average 2-hourly tempera- 
ture for 12 months that is about 4° F. cooler than that of field 5530, a difference 
that in the aggregate is great and associated with rnuch reduced plant size and 
yields. 

The results shown in figures 10 and ii, and in tables 1-7, demonstrate the im- 
portance of maintaining at the time of differentiation an adequate nitrate reserve 
in relation to carbohydrates. Figure 12 illustrates the responses of two plots, both 
of which at differentiation were nearly filled to capacity with nitrate for that stage 
of growth (fig. 8) and on the borderline of carbohydrate deficiency, as indicated by 
slightly less than 15 per cent no. i leaf color. Obviously the plants of both plots 
were amply supplied with nitrate reserves at that time. Earlier, however, the F 
plots, which received 80 pounds less nitrogen in April than the D plots, were — 
except for a brief period in June — definitely deficient in nitrate. This was indi- 
cated by the fad that leaf nitrate, in relation to carbohydrate reserves, was much 
below 0.100 per cent, the proximate maximum value (fig. 8), and the plants ex- 
hibited about 30 per cent no. i color during most of the summer. In contrast, the 
plants of the D plots contained approximately as much nitrate as could have been 
carried without incurring carbohydrate deficiency, for they displayed during most 
of the summer about 20 per cent no. i leaf color, indicative of only moderate carbo- 
hydrate reserves. Associated with ample nitrate reserves at time of differentia- 
tion and bud development but with a deficiency during earlier stages of growth, 
as already noted, the F plots were significantly outyielded by only 0.91 tons per 
acre. This difference does not correspond to the losses in tonnage that often occur 
when nitrate is deficient in relation to carbohydrates at time of differentiation 
(tables 1-6). 

Figure 13 shows just the reverse situation of that presented in figure 12. The 
plants of the B plots (fig. 13), deficient in nitrate in relation to carbohydrates only 
at time of differentiation, were significantly outyielded by the D group, which were 
continually supplied with adequate nitrate reserves. In fact, both lots of plants 
probably received during the summer somewhat more nitrate than they could 
efficiently metabolize, as carbohydrate reserves were then low, no. i leaf color 
being less than 10 per cent. For maximum possible yields, the objective in the D 
plots, it is obviously essential to keep the plants adequately provided with nitrate 
in relation to carbohydrates. And the supply of the latter depends in large part 
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upon the opportunity for carbon-dioxide assimilation. Because this is determined 
largely by weather conditions that are variable, it follows that an inflexible, 
schedule of nitrogen applications is undesirable. If it should be desirable to limit 
nitrogen for reasons of cost, it seems certain that this had better be done relatively 
early, not during the period of floral differentiation or the early stages of bud 
development. 

Figure 14 illustrates another situation, wherein the plants of the A plots re- 
ceived a predetermined schedule of nitrogen fertilization. The B plots were fer- 
tilized, employing the usual plant records as guide to nitrogen requirements. For 
some weeks in the early summer leaf-color readings were omitted. Drought was a 
limiting factor, as shown by records (not here reported) of severe leaf -water de- 
ficiency. Moisture in the white basal semi-meristematic tissue of the leaves was 
not noticeably depleted, and analyses showed that up to July the plants of both 
plots were filled to capacity with nitrate. This was true even though up to that 
time the B plants had received 140 pounds less nitrogen per acre than the A. Fol- 
lowing rain in July, with increased plant volume and increased greenness (decrease 
in percentage of no. i leaf color), there was a sharp decline in nitrate reserves. 
This decrease was undoubtedly owing in large part to utilization of contained 
nitrate in new protein synthesis at a rate that exceeded nitrate absorption. Ac- 
cordingly, 80 pounds of nitrogen was applied to the B plots. Following the pre- 
determined plan of fertilization, the A plots were also provided with the same 
amount. From then on the plants of both plots contained approximately as much 
nitrate as could be carried without incurring carbohydrate deficiency. During 
most of the remaining period no. i leaf color was only a little above 15 per cent 
(fig. 14). As might be anticipated, with essentially no nitrate deficiency at any 
time in either plot, the difference in yield in favor of A of only 0,53 tons of fruit 
per acre was not significant, though in the former case there was employed 322 
and in the latter 252 pounds of nitrogen. In another group of plots, 432 pounds of 
nitrogen was applied, but the yield did not significantly exceed the B series with 
only 252 pounds applied. 

The experiments upon which this report is based were conducted only in areas 
where potassium and phosphorus were not limiting factors. Comparable results usu- 
ally are not obtainable in soils low in potassium or phosphorus, or both. The leaf 
content of these elements must not be permitted to become deficient. By employ- 
ing the quantitative records described, the determination and regulation of the 
nitrogen nutrition of pineapple plants becomes a comparatively precise procedure. 
Not only has this method placed the nitrogen fertilization of fields on a higher 
plane of efficiency, but the necessity of distributing large-scale experimental plots 
over a plantation is not essential. By means of quantitative records an experiment 
may be initiated at any time, often only 2 months before buds appear, and the 
effect of withholding or applying nitrogen on yields thus determined. Critical 
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study of the plant records and associated climatic conditions will show the reasons 
for gains or losses in yield. 

Nitrate and low temperature as correlated with floral differentia- 
tion. — All the experimental plots described in the present report were in fields 
planted in the fall and early winter. A year later the plants entered the winter 
period of low temperatures as nitrate was decreasing (tables i-io; figs. iO""i4). 
In some sites the plots high in nitrate in relation to carbohydrates fruited 2-3 
weeks later than others that contained less nitrate but more liberal carbohydrate 
reserves. In other locations all the plots differentiated flowers at essentially the 
same time. This was apparently associated with intimate relationship between 
nitrate reserves, a single night or several nights of sufficiently low temperature, 
and the appearance about 5 days later of the earliest stages of floral differentia- 
tion recognizable under the microscope. 

Similar responses have been recorded by Thompson (28, 29), Platenius (20), 
Knott (9), and Miller (15), for celery, onion, spinach, and cauliflower. Low 
temperatures in the field are often closely correlated with differentiation of flower 
buds. In the case of cauliflower, Robbins (21) has reported that nitrate deficiency 
directly or indirectly resulted in premature flowering. In pineapple, as already 
noted, both temperature and nitrate reserves appear to play a part in influencing 
the time of floral differentiation. Whether or not the photoperiod is of significance 
is not known. The maximum difference in length of day in Hawaii is 2.6 hours. 
Under suitable nutritional conditions, pineapple plants may differentiate flower 
primordia under the longest or shortest days that prevail. McKinney and 
Sando (13) report that “Sexual reproduction in the spring wheats and in the 
winter wheats is not dependent upon a critical temperature or a critical photo- 
period However, the time when sexual reproduction occurs is greatly in- 

fluenced by the temperature and the photoperiod.” Melchers (14) has con- 
cluded that certain biennial plants do not blossom unless their growing points have 
been subjected to low temperatures. It may well be questioned whether it is the 
growing point or the leaves that are most responsive to effects of low temperature 
on time of floral differentiation. 

The results just cited, and those of Robbins (21), indicate that both low tem- 
perature and low nitrate supply may influence the time of floral differentiation. In 
the case of pineapple also, these factors may be coupled with initiation of floral 
primordia. Attempts were made to estimate"* the date of floral differentiation in 

=* There being an interval of 2 months between floral differentiation and emergence of buds, knowledge 
of the date of differentiation of a field is of considerable practical value in large-scale agricultural opera- 
tions, for it furnishes notice of the proximate time of harvest of fruit 2 months earlier than does the date 
of budding. Of course, dissection of plants to determine whether they show floral differentiation is in gen- 
eral impractical, as it involves destruction of plants and would often have to be continued for weeks before 
differentiation was finally observable. 
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field and experimental plots, taking into consideration both the percentage of leaf 
nitrate-nitrogen and the minimum temperatures. An empirical formula was em- 
ployed, wherein the percentage of leaf nitrate-nitrogen was multiplied by the 
minimum temperature on any given night. In general, when this value multiplied 
by this minimum temperature resulted in an empirical differentiation index figure 
of about 3.00 or less, the first stages of differentiation recognizable under the 
microscope occurred about 5 days later. There were frequent exceptions, for 
differentiation sometimes occurred even though the index figure was materially 
higher than 3.00, particularly when there were two or three nights of moderately 
low temperature within a period of 7--10 days prior to differentiation. As yet, no 
entirely satisfactory method has been found for equating effects of several mod- 
erately cool nights occurring consecutively or that lie within any one of several 
intervals of time, as compared with one cool night, with respect to their influence 
on the differentiation of plants of known leaf-nitrate values. 

Coupled with minimum temperature, the weighted leaf-color values alone, or 
in conjunction with nitrate content, did not furnish as precise a method of fore- 
casting the time of differentiation as did nitrate content alone. Perhaps this may 
be related to the fact that the white basal tissue of the leaf employed for nitrate 
analysis is in close proximity to the meristematic stem tip from which floral pri- 
mordia arise, or that the nitrate content of the distal end of the stem corresponds 
closely with that of the white basal tissue of the leaf analyzed. But it seems un- 
likely that the percentage of nitrate is necessarily correlated directly with floral 
differentiation, since ammonium may be completely substituted for nitrate as an 
inorganic nutrient and yet the plants be vigorous and fruitful (24, 25). 

It is possible that changes in percentage of nitrate accompany quantitative or 
qualitative changes in the stem tip that induce the synthesis of hormones, com- 
pounds which tend toward floral differentiation in conjunction with low tempera- 
tures. Even so, it is certain that, at low levels of nitrate supply, differentiation 
takes place although temperatures are continuously relatively high. 

Thus plants comparatively high in nitrate have been found to differentiate floral 
primordia following a single night of relatively low minimum temperature or 
several nights of moderately low minimum teniperature. On the contrary, plants 
extremely low in nitrate, or entirely lacking it, often differentiate floral primordia 
in the hottest months of the year, as when absorption of nitrate is largely pre- 
vented by inadequate root systems. Accordingly, in experiments where the plants 
of different plots are radically different in nitrate reserves, a single night of suf- 
ficiently low temperature may be coupled with simultaneous differentiation in all 
plots. On the other hand, if minimum temperatures are relatively high, the plots 
with plants low in nitrate often fruit considerably in advance of others that have a 
higher content. 
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When fields are planted in the spring, fruiting may frequently be delayed sev- 
eral months by means of heavy fertilization with nitrogen, provided low soil tem- 
peratures, or lack of potassium, or other limiting factors do not prevent the free 
absorption and accumulation of a high nitrate reserve. On the other hand, greatly 
delayed fruiting typically does not occur in a field planted in the fall. When a 
field set out in the spring enters the coldest winter months, it is still relatively 
young, and if there is available a liberal external supply of nitrogen that may be 
readily absorbed, the plants may contain the highest possible percentage of 
nitrate, for they are at the stage of growth corresponding to the peak of the curve 
for leaf nitrate (fig. 8). 

Accordingly, unless the spring-planted plants are low in nitrate, the lowest 
temperature of winter may apparently be without influence on the direct or in- 
direct induction of floral differentiation. As the plants become older, there is cor- 
related with additional months of active growth— but not necessarily with seasonal 
conditions — a decrease in nitrate that is practically unpreventable. Such a trend 
is indicated in figure 8. By this time the season of lowest temperature often has 
passed. And with seasonal temperatures not low enough to play a major role in in- 
duction of floral differentiation, directly or indirectly, low nitrate reserves foster 
early fruiting, while plants higher in nitrate in relation to carbohydrates fruit 
relatively late. In contrast, fields planted in the fall or early winter are at a stage 
of growth about a year later when the maximum possible concentration of nitrate 
is so low (fig, 8) that directly or indirectly a single night of relatively very low 
temperature, or several nights of moderately low temperature, may apparently 
induce simultaneous floral differentiation in plots which show variations in nitrate 
reserves, as indicated in the tables and graphs included in this paper. 

As might be anticipated, however, there may be cases in which^ — because of 
drought or low air temperatures, or both — growth in the summer or early fall is 
practically suspended for a period of 2-3 months. Such a field, when it enters the 
winter season, may still be young in terms of months of growth and at the proxi- 
mate point of highest possible nitrate content (fig. 8). In such instances, as is true 
for plantings made in spring, temperatures — even during the winter— are seem- 
ingly not low enough directly or indirectly to induce floral differentiation in plants 
so high in nitrate. Such differentiation may then be delayed, sometimes for nearly 
a year. If nitrate decreases rapidly enough so that it is low during the warmer 
months, the time of differentiation may be intimately associated with the prevail- 
ing nitrate and carbohydrate reserves in the plants. If nitrate does not decrease 
materially until the early months of the following winter, then the date of differ- 
entiation may approximately coincide with a single night of very low minimum 
temperature or follow shortly two or three nights in close succession of moderately 
low minimum temperatures. 
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Summary 

1. Methods are given for obtaining in the field quantitative records of plant 
weight, number and dimensions of leaves, and percentage deficiency, if any, of 
stored water in the leaf of the pineapple plant. 

2. The potential absorptive capacity of the root system is indicated by records 
of root anchorage in pounds and percentage of main roots and lateral rootlets dis- 
playing white non-suberized tips. 

3. Only white, semi-meristematic tissue at the leaf base is analyzed for nitrate, 
potassium, and phosphorus. Regardless of age in months, prior to blossom-bud 
development, the leaf employed for analysis is always in precisely the same easily 
recognized stage of development (fig. 6). 

4. After emergence of the determinate blossom cluster, no more analyses for 
nitrate are made, for the external nitrogen supply after budding is essentially 
without influence upon the development of the original plant and the fruit it may 
produce. 

5. Until the specialized storage tissue of the leaf becomes practically depleted 
of water, the white basal tissue does not fluctuate materially in percentage of 
moisture. 

6. Macrochemical analyses for starch, the major carbohydrate reserve ex- 
pressed as percentage of either green or dry material, completely failed to indicate 
to what percentage of capacity the plants were supplied with starch. This was 
owing to the fact that relatively xeromorphic yellow-green plants contained such a 
high proportion of inert lignified elements that, even though essentially all non- 
senescent starch-storing parenchymatous tissue was filled to capacity with starch, 
expression as percentage of the fresh or dry material indicated relatively small 
amounts of starch. With respect to nitrate nutrition, such a plant is not con- 
sidered to be deficient in carbohydrates, even though the absolute amount is low. 

7. In contrast, black-green, soft, succulent plants containing only about 25 
per cent of the starch which their tissues were potentially capable of storing 
actually had much more starch than the woody ones, whether this content was ex- 
pressed on the per cubic centimeter basis or as percentage of fresh or dry material. 
With respect to nitrate nutrition, plants in this category are therefore considered 
deficient in carbohydrates even though the absolute amount of starch is higher 
than in the former case. 

8. It was determined by means of microchemical observations that the degree 
of greenness of the leaves refl.ected what percentage of the total capacity of starch 
reserves the plant possessed. The greater the degree of yellow-green color of the 
plant, provided it did not approach senescence, the higher the relative starch con- 
tent in the sense noted. By employing suitable standards of color (fig. 7), the 
relative greenness, quantitatively recorded, supplied a sufficiently precise index of 
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carbohydrate content. Without this index, studies on nitrogen nutrition of pine- 
apple, given in part in this paper, would have been of less significance. 

9. It is essential to maintain an adequate reserve of nitrate in the plant. If 
the concentration of nitrate is relatively low, even though measurable amounts are 
present, its reduction is not so efficiently or freely effected as when it is higher. 
Sufficient carbohydrates must be available for oxidation as nitrate is reduced. 

10. Plants which had been allowed to accumulate a high carbohydrate reserve 
and to become temporarily deficient in nitrate, when again supplied with nitrate, 
apparently absorbed and reduced it much more vigorously than other plants con- 
tinuously higher in nitrate and lower in carbohydrates. Probably for this reason, 
provided the time until budding was adequate for plants to recover in content of 
nitrate and synthesize new protein, there was relatively little loss in yield of fruit, 
as compared with other plants that were at no time deficient in nitrate relative 
to carbohydrates. 

11. If at any time prior to emergence of flower buds, nitrate reserves were de~ 
fieient in relation to carbohydrates for any considerable length of time, yields of 
fruit were less than when the deficiency had been promptly corrected. 

12. Even when the concentration of nitrate in the plants was extremely low 
and carbohydrates were also deficient, the addition of nitrogen — whether or not 
it increased the nitrate reserve — did not result in materially increased yields. In 
some cases there was an apparent decrease in yield. 

13. There was some evidence to indicate that soil temperatures of 68° F. or 
lower result in limitation of absorption of nitrate by the roots. 

14. During seasons when minimum temperatures are not low, plants deficient 
in nitrate and high in carbohydrates may fruit months earlier than others that 
contain a more liberal nitrate reserve but a lower concentration of carbohydrates. 
Following a single night of relatively low temperature or several nights when the 
temperature was not so low, however, plants comparatively high in nitrate — as 
well as others that are lower— may apparently differentiate flower primordia 
simultaneously. 

The writer wishes to express his sincere appreciation of the assistance and en- 
thusiastic co-operation of W. Y. Whang, who supervised the workers who obtained 
field and laboratory records. He is likewise greatly indebted to W, A. Wendt and 
N. E. Newport, who were responsible for agricultural operations and harvesting 
fruit, to Lawrence Quinn for careful statistical studies, and to members of the 
Pineapple Research Institute, particularly John Fo, Carl Farden, and H. E. 
Clark. 

Hawaiian Pineapple Company 
Honolulu, T.H. 
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MEIOTIC COILING IN TRADESCANTIA 

C. P. SWANSON 
(with nineteen figures) 

Introduction 

Despite considerable research on chromosome coiling (see 7, 9, 16 for reviews), 
apparently no strictly quantitative attack on the problem has as yet been attempt- 
ed, although this method offers one of the better avenues of approach to a more 
complete understanding of the coiling mechanism. It seemed worth while, there- 
fore, to investigate the effects of a wide range of temperatures on meiotic coiling 
from a quantitative as well as from a qualitative point of view. This paper deals 
largely with the data thus obtained, together with data on the origin and develop- 
ment of the major coils in meiotic prophase stages. Some quantitative data on the 
genotypic control of major coiling are also included. 

Material and methods. — The genus Tradescantia has been used exclusively 
in this study. Two clonal lines were available, one of T. paludosa Anders. & Wood- 
son and the other of T. canaliculata Raf . The meiotic chromosomes of the latter 
were statistically longer than those of T. paludosa and consequently were more 
easily analyzed, so that this line was more extensively used than the other. The re- 
sults from both clonal lines, however, were closely parallel in all respects. 

The plants were grown in pots during the fall and winter of 1940-41 in the 
greenhouses of the Biological Laboratories, Cambridge, Massachusetts. The aver- 
age temperature of the houses was approximately 22° C. during the day but fluc- 
tuated so much during the time of the experiment that data from buds taken di- 
rectly from the greenhouses were of little critical value. A considerable amount of 
data was gathered from such buds, however, and the average of these figures was 
used as an arbitrary control. For temperatures above greenhouse range, heat 
chambers were utilized, while constant-temperature coldrooms permitted the use 
of temperatures below 22° C. Both whole plants and cut inflorescences provided 
the cytological material, and since the results from both sources showed no sig- 
nificant deviations, the data were considered together. 

Terminology. — During meiotic prophase the number of major coils was greater 
than at meiotic metaphase. The prophase coiling cycle in meiosis (and mitosis as 
well) in Tradescantia is characterized by a progressive reduction in the number of 
coils. It is therefore necessary to conceive of the chromosome during the coiling 
cycle— not as a system becoming progressively coiled or spiralized as it passes 
from prophase to metaphase— but as one becoming progressively uncoiled or de- 
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spiralized. It has also been necessary, as a result of these observations, to separate 
the prophase coiling cycle into two stages: (i) the spiralization phase, at which 
time a relatively straight chromonema is transformed into a regularly coiled sys- 
tem; and (2) the despiralization phase, during which the numerous coils formed 
during the spiralization phase are reduced by an uncoiling which must take place 
at the distal ends of the chromosome arms, and which undoubtedly is accompanied 
by a rotation of ends within the matrix. 

Observations 

Genotypic control of major coiling 

Numerous instances of an intraspecific genotypic control of meiotic chromosome 
length have been reported since Lesley and Frost\s (ii) classical case in Matthiola 
incana (2). In this plant the long chromosome form was recessive to the normal 
short chromosome form. A similar instance of altered chromosome length act- 
ing as a single Mendelian recessive has been described by Upcott (24) in Lathy ms 
odoratus^ although the reverse was true in this case, the normal form possessing 
long chromosomes and the mutant male-sterile for the short chromosomes. Lamm 
(10) found a wide range of meiotic contraction in various segregates of inbred 
stocks of rye. In Macronemurus, a Neuropteran insect, Naville and de Beau- 
mont (14) showed the chromosomes in the male to be more contracted than in the 
female. 

In Tradescantia, different chromosome lengths were observed in the two clonal 
lines utilized in this study. Under average greenhouse conditions, T. canaliculata 
showed 8.1 major coils per chromosome (fig. 6), and T. paludosa an average of 
6.08 (fig. 7), the length of the metaphase chromosomes being correspondingly long 
or short. Only metaphase chromosomes were used in determining counts, since 
it was found that the number of coils is progressively reduced during anaphase 
(fig, 8). The number of coils for T. canaliculata is much above the figures given 
by other investigators for diploid species of Tradescantia (15, 17). 

The two clonal lines were crossed, and Fi and Fa populations were grown, al- 
though the number of plants in each generation was rather small. Six Fi plants 
gave varying counts in the number of major coils at metaphase, the figures ranging 
from 6.56 to 7.64. In this respect they were intermediate between the two parental 
averages, but there was a noticeable trend toward the longer chromosome form of 
T. canaliculata. Little significance can be attached to this because of the few 
plants used and because of possible temperature fluctuations. Eighteen F^ plants, 
obtained by crossing the plants with 6.56 and 7.64 coils, respectively, showed an 
extremely wide range of coiling, the lowest being 4.4 and the highest 7.64 coils per 
chromosome. Eight out of the eighteen plants showed a lower number of coils 
than did r. paludosa. The data are inadequate for drawing definite conclusions as 
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to the exact genotypic control, but it is at least apparent that — unlike the in- 
stances cited in Matthiola and Latkyrus — the situation is more complex than a 
single gene difference, and that both parental plants are heterozygous for genes in- 
fluencing the degree of spiralization. 

From numerous observations on other species of Tradescantia, T. paludosa ap- 
pears more nearly to represent the average degree of spiralization for the genus, 
and apparently the increased length of the T, canaliculata chromosomes is due to 
a difference in the timing relationships during prophase. This difference may be 
expressed as: (i) normal spindle formation with a slower rate of despiralization, 
or (2) normal despiralization with a precocious spindle formation. Either would 
lead to increased chromosome length at metaphase. These observations in no 
way imply that spindle formation exerts influence on the process of despiralization 
during prophase. However, since only metaphase configurations were used in this 
study, since metaphase is a relatively brief yet conspicuous stage in meiosis, and 
since the onset of metaphase is governed by the development of the spindle, it 
seems justifiable to view the rate of despiralization and the time of spindle forma- 
tion as the two most important factors which determine the degree of coiling to be 
found in any particular cell at metaphase. 

To distinguish between these two factors would require a more intimate knowl- 
edge of prophase development in Tradescantia than is available at present. Up- 
COTT (24) has been able to ascertain with considerable exactitude the behavior of 
the normal and the short-chromosome mutant in Lathyrus, and she finds that the 
timing of prophase, as judged from anther size, is such that in the mutant the 
time period for despiralization is so lengthened as to permit the chromosomes to 
pass the stage of normal contraction and reach an abnormal contracted state. No 
detectable difference in anther size could be found between the two species used in 
this study. When comparing the preceding examples with Tradescantia , it is, of 
course, assumed that the difference in length of the meiotic metaphase chromo- 
somes is directly related to differences in the degree of major coiling, although it is 
also possible that the chromonema length is under genotypic control (26) . 

Environmental control oe meiotic coiling 

The ease with which the synchronization of meiotic phenomena may be dis- 
turbed is indicative of the delicate balance of the entire mechanism. Gf the many 
environmental agents utilized for experimental purposes (18), none— with the 
possible exception of colchicine — shows any specificity of action, but all express 
their effect as a general upset in both cell and nuclear division. Recently Giles (5) 
has pointed out that this may be because their ultimate effect is on the hydration 
mechanism of the cell, which in turn is intimately associated with cytokinesis, 
spindle formation, and coiling (20, 9). Any agent that could alter prophase timing 
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relationships would show its effect through the coiling system, but in selecting an 
agent for a quantitative study of the environmental control of coiling, one neces- 
sary criterion was that, when varied, it would provide detectable differences of a 
uniform and continuous nature without totally disrupting the other cell processes. 
The use of temperature satisfied this requirement. Temperature also has the ad- 
vantage of being readily controlled, as well as providing a wide and continuous 
range of conditions within which the plant can function properly. 

With the exception of studies on chiasma frequencies (22, 25), most cytological 
investigations of thermal treatment of meiotic cells have been qualitative (18), 
with descriptions of the irregularities observed throughout the various stages of 
pollen development. Comparatively little has been done quantitatively, perhaps 
largely because the changes arising from such treatment do not readily lend them- 
selves to quantitative analysis. The coiling mechanism, however, provides a phe- 
nomenon which can yield an effective measure of the differences induced under 
controlled conditions, for as Nebel (15) has already pointed out, and as this study 
shows, the number of coils per chromosome under constant conditions is a relative- 
ly stable and constant character. Matsuur.a (12, 13), Huskins and Wilson (6), 
and Wilson and Huskins (26), using Trillium^ were the first to present data show- 
ing the effects of thermal treatment on the number of coils. Matsuuka found that 
treatment at ib'^ C. (18° C. being considered normal) for 2 weeks reduced the num- 
ber of major coils to 64 per cent that of normal, whereas 2 months at the same tem- 
perature reduced the number to 44 per cent, Wilson and Huskins showed that 
low temperatures lessened the number of coils as well as shortened the length of 
the chromonemata, while temperatures of 20® C. frequently prevented coiling. 
This latter effect is similar to that found in Fritillaria by Barber (i), in that pro- 
longed treatment (2 days at 30^ C.) brought about complete suppression of spirali- 
zation in some cells, while abbreviated heat shocks had no visible effect. Straub 
(22) found a mitosis-like type of coiling at high temperatures and greater contrac- 
tion at subnormal temperatures. In root-tip cells of Allium, Darlington and La 
Gour (3) observed that the chromosomes were markedly shortened when sub- 
jected to 0° C. for 5 days, although they also stated that at this ^ ^marginal tem- 
perature” the degree of coiling was variable. 

There seems to be some consistency, then, as to the effects of temperature on 
the visible expression of coiling. Low temperatures reduce the number of major 
coils as well as shorten both chromosome and chromonema lengths, while high 
temperatures may completely inhibit the development of coils or cause the meiotic 
chromosome to assume a mitosis-like form. Since the qualitative effects seem well 
established, the main problem of the present research was therefore a quantitative 
one, with observations to be made over a wider and more continuous range of tem- 
peratures. The effects of thermal shock were disregarded in this study, and to al- 
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low for this, the plants were grown for at least 2 weeks at each temperature be- 
fore any observations were made. Cold-treated plants were allowed longer periods 
of time to allow for the slowing down of the meiotic process which normally oc- 
cupies a period of several days, although the exact meiotic timing relationships 
are uncertain because of the inadequacy of prophase configurations. This would 
permit examination of cells which had come up from a premeiotic state and had 
passed through the complete meiotic prophase cycle at the desired temperature. 

No attempt has been made to measure chromonema lengths in the manner that 
Huskins and his co-workers have done in Trillium (6, 21, 26). In fact, in a double- 
coiled system of major and minor coils, such as is found in Tradescmtia, measure- 
ments of chromonema lengths are virtually impossible since the minor coils are 
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40 

4.15 

100 

5-10 
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rarely so clearly differentiated that the diameter, pitch, and number of coils can 
be readily ascertained. The data and conclusions presented here are therefore de- 
rived from observations of major coils only, and — as a rule — where the major 
coils are reduced in number, the chromosome length is similarly reduced. Also, as 
the major coils are numerically reduced, the diameter of the major gyre is corre- 
spondingly increased, and it is probable that the proximal gyres achieve a greater 
diameter at the expense of the distal ones, which become progressively uncoiled. 

The data from both clonal lines of Tradescantia are given in table i and present- 
ed graphically in figure i. In compiling the data, the number of coils was always 
interpreted in terms of whole numbers,, no attempt being made to determine half 
coils. In other words, the number of coils in a single chromosome might be 6 or 7 
but not 6.5; this leads to some error, but it would be unavoidable in any case, be- 
cause of the difficulty of following the coils. 

From figure 1, it is evident that an essentially unimodal curve holds for both 
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species when the number of major coils per chromosome is plotted as a function of 
temperature. The peak in both instances falls at, or around, 27° C. Figure g illus- 
trates a typical cell of T. canaliculata at 27° C., showing the large number of coils 
and the slenderness of the chromosomes; figure 10 shows a similar cell at 33° C., the 
coil number being somewhat below that normal; figure ii illustrates the reduced 
length and coil number at 8° C. In this respect the data do not bear out complete- 
ly previous observations, for here both extremes of temperature lead to greater de- 
spiralization and hence to greater chromosome contraction. 

No immediate explanation is at hand as to why the peaks of the curves should 
fall at 27° C. The answer probably lies in the relative effects of different thermal 



conditions on both the despiralization mechanism and the time of formation of the 
spindle, but as yet comparatively little is known of the chemical and physical na- 
ture of these processes, so that any hypothesis at this time would be suggestive 
only. In the light of other information, however, it seems likely that low tempera- 
tures delay the appearance of the spindle in some manner, thus permitting the 
coils to go beyond their normal stage of development, and giving in this way a 
shortened chromosome. At high temperatures, where the effect is more variable 
(fig. i), the influence is an accelerating one but is more pronounced on the coiling 
system than on the spindle, with the result that the rate of despiralization is more 
rapid relative to spindle formation, thus permitting greater contraction — ^not be- 
cause of a greater time interval but because of an increased despiralization tempo. 

Variability in the degree of despiralization is greater at high temperatures. This 
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process must itself be, or is the result of, a chemical process, possibly due to matri- 
cal contraction or accumulation of nucleic acid around a protein core ; but because 
all the coiling considered in this study was from metaphase configurations, and 
hence the expression of two inseparable variables (the coiling mechanism and 
spindle formation), it was impossible to obtain a temperature coefficient for chro- 
mosome contraction. Two slides of T. canaliculata^ from inflorescences kept at 
3.5° C., gave an average of 7.07 coils per chromosome, indicating a possible rise at 
extremely low temperatures; but since the inflorescences were at this temperature 
for only a week, and since circumstances prevented a checking of the data, the sig- 
nificance of this figure is questionable, and it was not plotted on the curve. A rise 
was also indicated in T. canaliculata at 42® C., but since temperatures above this 
killed the meiotic cells, no further data were obtainable. A lower chiasma fre- 
quency and a higher univalent frequency were usually found in cells which showed 
a low number of coils at both temperature extremes. The correlation was so strik- 
ing as to indicate the probability that much of the movement of chiasmata, and 
possibly chiasma loss, is directly the result of the coiling mechanism (23) . This, 
however, will be discussed at length in a later paper. 

With the exception of univalents, the meiotic divisions throughout most of this 
thermal range were regular and constant, once the plants had recovered from their 
transfer from greenhouse temperatures. There was no noticeable upset of nuclear 
and cytoplasmic synchronization such as is characteristic of thermal shocks (18). 
At temperatures of 40° C. and above, however, striking differences were found in 
preparations from some buds in inflorescences that had otherwise almost normal 
material. The figures in table i and the points on the curves of figure i, ob- 
tained at 4o°“42° C., were included because they were judged to possess a normal, 
though somewhat increased, state of chromosome despiralization; but other slides 
at these temperatures were so anomalous as to be excluded from any such con- 
sideration. The behavior of these striking cells is to be seen in figures 2-5 and 
12-19. All variations in the degree of despiralization were to be found, sometimes 
in a single anther, the number of major coils varying from thirty-two to as low as 
two per chromosome. The long chromosomes (figs. 3, 4, 12-15), designated 1 -chro- 
mosomes from here on, appeared mitosis-like, except that they were paired as bi- 
valents, whereas others appeared uncoiled to such an extent that the major coils 
were almost eliminated. This may be seen in figure 17, where the upper bivalent 
has the left-hand homologue spiraled into about one and one-half large coils while 
the right-hand homologue has lost its major coils. This figure also shows clearly 
the sister half-chromatids, which can separate laterally without entanglement. In 
some of the more sharply stained half-chromatids there is a suggestion of a third 
split (long arrows), giving an eight-parted chromosome possessing eight quarter- 
chromatids; but more observations are needed to make certain of this. The short 
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chromosomes (s-chromosomes) frequently show the minor coils, as might be ex- 
pected under such conditions of extreme despiralization (fig. 16). Apparently in 



Figs. 2-5.— r. canaliculaU, 40° Q, ¥ig, 2, loose and irregular heat-induced coils. Fig. 3, early ana- 
phase; lack of despiralization brought about by heat; lowermost bivalent failed to congress properly. 
Fig. 4, anaphase; marked lack of despiralization. Fig, 5, anaphase; considerable despiralization. 


Tradescantia tliQ minor coils follow a development parallel to that of the major, in 
that they reduce in number and increase in diameter as prophase progresses . This 
conclusion is based largely on inference rather than on direct observation, for the 



Figs. 6-19, — Fig. 6, T. canaliculata, normal metaphase. Fig. 7, 2 \ paludosa, normal metaphase. 
Pig. 8, T. camiUadaia, normal anaphase. Fig. 9, same, 27° C. Fig. 10, same, 33® G. Fig. ii, same, 8® C. 
Pigs. i2~i4, same, 40° C. Note lack of despiralization at high temperatures. Fig. 15, T. paludosa, 40° C. 
Fig. 16, T. canaliculata, C/, arrows point to minor coils; marked despiralization. Fig. 17, same, 40® C. ; 
short arrows point to sister half-chromatids; long arrows point to regions where further division has pro- 
duced sister quarter-chromatids. Fig. 18, same, 40® C.; early diplotene; incipient major coils appear as 
dotlike chromomeres on parallel chromatids. Fig. 19, same, 40® C.; diakinesis; marked despiralization. 
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minor coils are difficult to follow in ontogeny; but in cells where the minor coils are 
greater in gyre diameter and fewer in number than in cells less advanced in pro- 
phase, it seems reasonable to assume that the minor coil development parallels 
that of the major coils, and that the fewer larger minor coils were derived from the 
more numerous smaller coils by a process of despiralization. This is not in agree- 
ment with Coleman and Hillary's (4) work in Trillium^ for they state that the 
minor spiral decreases in diameter to give additional length to the chromonema. 

Occasionally, after heat treatment, cells were found in various prophase stages 
not normally well differentiated in Tradescantia, Figure 18 is, so far as can be de- 
termined, an early diplotene configuration, with the chromatids visibly separated 
and the major coils at an incipient stage. They appeared to have been ^Thrown 
in," rather regularly, on the previously uncoiled chromonemata. Figure 19 shows 
the widely distributed chromosomes at diakinesis. This stage appeared frequently 
at 40^ C., and although the bivalents possessed the fuzzy appearance character- 
istic of diakinesis, some were sufficiently well differentiated so that the minor 
coils could be detected. Later it was found that the same prophase stages, as 
well as the coiling anomalies, could be induced by transferring cut inflorescences 
from the greenhouse to an oven held at 40® C. for 24 hours, as well as by growing 
the entire plant at 40° C. for 2 weeks. 

Even though at 40° C. the coiling system seemed at first to show all degrees of 
despiralization, analysis indicated that the cells could be separated into two dis- 
tinct groups with very little overlapping: (i) those cells with greatly contracted 
chromosomes (considerable despiralization), and (2) those with greatly elongated 
chromosomes (very little despiralization). Evidently a single bud, or possibly a 
single anther, contained cells destined to go through division on successive days. 
Those with the s-chromosomes were to have divided normally on the day that the 
preparation was made, whereas the cells with the 1-chromosomes were to have 
undergone division the following day; but, owing to a precocious formation of the 
spindle brought about by the thermal treatment, the chromosomes were advanced 
a whole day in development, being oriented by the spindle in a partially uncoiled 
state. It can be stated with some certainty, then, that the effect of the heat in the 
1-chromosome cells was to accelerate development of the spindle relative to the 
rate of despiralization, but the exact effect on the s-chromosome cells cannot be so 
determined. The state of hydration of the chromosomes and spindle probably de- 
termines the effect which a high temperature will exert at any particular stage of 
meiotic development. 

Equally striking were the differences in chiasma frequency and distribution be- 
tween these two cell types (table 2). The 1 -bivalents probably reveal the approxi- 
mate position of original chiasma formation, and, as can readily be seen, the chias- 
mata are largely sub terminal. Not infrequently, however, cells are found that show 
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bivalents with chiasmata formed in the region of the centromere, some of them 
being extremely close (figs. 3, 13, 14). At normal temperatures never more than 
two chiasmata per arm have been reported, but these preparations regularly show 
three in some arms (figs. 3, 4, 13), and rarely four have been found. Seven chias- 
mata per bivalent has been the highest observed in this material. 

Treatment of cells at 40° C. for 24 hours did not markedly increase the total 
chiasma frequency (table 2), indicating possibly that the 1-chromosomes had al- 
ready undergone chiasma formation at the time of treatment; but the difference in 
distribution, whether terminal or interstitial, between the s-chromosome and con- 

TABLE 2 


Chiasma frequencies, T. canalicxji.ata, at 40° C. 



Inter- 

stitial 

CHIASMATA 

Terminal 

CHIASMATA 

Univalents 

Total 

CHIASMATA 

Whole plants grown in greenhouse 
kept at 22° C. (control) 

4.14 

7-37 

0-33 

II. 51 

Cut inflorescences kept in oven at 
40° C. for I day 

Slide no. i 1 -chromosome* 

8.45 

3-21 

o-SS 

II . 66 

s-chromosome 

1.96 

7.92 

1 .20 

9.88 

Slide no. 2 1 -chromosome 

9.70 

2.90 

0.72 

12.60 

s-chromosome ...... 

I- 3 S 

8.67 

0.80 

10.02 

Whole plants grown in heat cham- 
bers at 40° C. for 2 weeks 

Slide no. i 1 -chromosome 

950 

4.20 

0 

13.70 

s-chromosome 

2.08 

6.72 

1.28 

8.70 

Slide no. 2 s-chromosome 

1.60 

7.18 

1-33 

8.78 


* The 1- and s-chromosomes are environmental, not genetical, variants and not to be confused with 
the 1-chromosome mutant in Matthiola (ii). 


trol cells and the 1-chromosome cells strongly suggests the influence of despiraliza- 
tion on the movement of chiasmata. When plants are grown for 2 weeks at 40^ C. 
(table 2), there is a statistically significant difference in total chiasma frequency 
between the 1- and s-chromosome cells, and — as the increase of univalents would 
indicate — there seems to have been a loss of chiasmata with contraction. The uni- 
valents in these cells probably arise from previously paired chromosomes by a loss 
of chiasmata. A loss of chiasmata by despiralization is also seen by comparing 
chiasma frequencies of the 1 - and s-chromosome cells kept at 40^ C. for 24 hours. 
A comparison of the data on 1 -chromosomes (40° G. for 2 weeks) with that on 
1 -chromosomes (40° C. for 24 hours) and the controls indicates that chiasma fre- 
quency is considerably increased when the entire prophase development takes 
place at higher temperatures (22, 25). 
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The 1 -chromosomes result, as has been stated, from a precocious spindle forma- 
tion; Under these conditions the appearance of some abnormalities in congression 
and orientation of the bivalents would be anticipated, since the time allotted for 
these activities must necessarily be sharply limited. Observations bear this out. 
In figure 3, one of the rod bivalents has failed to show congression on to the plate, 
possibly owing to the long and sinuous length of the arms, which would inhibit 
movement, as well as to a restricted time period, which would necessarily limit the 
distance through which the chromosomes could move. The arms show no tension, 
although the bivalent presumably lies within the spindle. At anaphase the arms 
become extremely long and slender under the tension exerted by the spindle (fig. 
4), and the threads appear about to break, as Barber (i) has shown in heat- 
treated material of FrUiUaria. The chiasmata seem unable to terminalize, the 
strength of union at the point of chromatid exchange being strong enough to resist 
the separation force of the spindle. The chromosome itself then breaks at the point 
of greatest stress, this point depending upon its position on the spindle and the 
position of the most proximal chiasma. Barber explains that the anaphase ten- 
sion begins before the chromatid attraction has an opportunity to lapse. 

The s-chromosome cells likewise are not without their abnormalities. In some 
cells the major coils appear unstable, pulling out under the stresses imposed by 
the spindle, while free arms remain tightly coiled (figs. 2,5). The chiasmata fail to 
terminalize, and the threads between the centromere and the first chiasma become 
unduly stretched, possibly leading to later breakage, although this has not been 
seen. Figure 5 illustrates the double function of the spindle in effecting chromo- 
some separation. The second bivalent from the left has failed to congress properly 
on to the plate, with the result that the centromere of the lower homologue occu- 
pies a central position on the plate instead of being equidistant from the plate with 
its homologue. The unoriented homologue behaves as a univalent, independent of 
its attached partner, and its centromere divides. This behavior is in agreement 
with Schrader^ s (19) observations that the centromere is essentially a double 
structure at metaphase, and its ultimate behavior must therefore depend entirely 
on its orientation in relation to the plate and not on the singleness or doubleness of 
its structure. Such behavior was not observed in the case of ring bivalents, for here 
the bipolarity of the structure as a whole, owing to its two centromeres, more effec- 
tively brings about the correct congression and orientation. The pushing action 
of the upper part of the spindle may be inferred from the appearance of the third 
bivalent from the right (fig. 5). The chiasma can be seen at the end of the slender 
stretched arm. No force is being exerted on the homologue, which lies above the 
chiasma, as evidenced from its unstretched condition. On the other hand, the 
lower homologue is nearing a point of breakage (arrow) due to the pushing action 
of the spindle being exerted entirely on a single arm. 




It was not possible to follow these two kinds of cells beyond anaphase, so that 
their second division behavior is unknown. Fragmentation of chromosomes was 
frequently noticed in those cells containing 1 -chromosomes. This parallels the ob- 
servations in Matthiola (ii), where the I mutant, with its long thin chromosomes, 
showed considerably more fragmentation than did the normal plant. Some under- 
lying mechanism appears to govern chromosome breakage in both instances, re- 
flecting the instability of the 1-chromosomes, whether determined genetically (as 
in Matthiola) or environmentally (as in the present instance). 

Development of meiotic coils 

Little is known of the actual development of meiotic coils from their inception 
at early stages to their m.ature proportions at anaphase. The present uncertainty 
of a universal principle operative in coiling (9, 16) demonstrates the futility of 
translating unknown prophase stages in Tradescantia in terms of known material. 
However, through the use of the heat treatments described here an experimental 
tool is available by means of which such difficulties can be overcome, permitting 
the course of spiralization and despiralization to be traced from incipiency, up to 
and beyond the normal state of development. The effect of thermal shock was to 
interrupt the process of meiotic despiralization at various intervals in the course of 
its development by a precocious or delayed formation of the spindle. This pro- 
vided a graded series of stages, the integration of which clarifies the prophase coil- 
ing cycle. A number of distinct early stages, not at metaphase, add to the observa- 
tions and facilitate the interpretation. 

The coiling cycle during meiotic prophase can be conveniently divided into two 
stages, the spiralization and the despiralization phases. Theoretically the distinc- 
tion between the two is obvious, for the first stage is clearly the transformation of 
an uncoiled structure into one that is regularly coiled, while the second stage is 
one in which the coils are reduced in number by a process of uncoiling. Actually, 
however, a sharp delimitation of the two processes is not possible, since^ — ^para- 
doxically — the uncoiling is a continuation of the coiling process, not the reverse of 
it. That is, if— after a straight thread is thrown into a regular coil— the coiling 
process continues, not by creating more gyres of the same diameter but by enlarg- 
ing those already formed, the only means by which this can take place is (i) by 
elongating the chromonemata, in which case the number of gyres will remain con- 
stant; or (2) by allowing the proximal gyres to increase in diameter at the expense 
of the more distal ones which are progressively uncoiled and lost. The reduction 
in the number of gyres as prophase progresses indicates that the latter mechanism 
is opexdiiwe in Tradescantia, 

The transformation of the pachytene thread into a coiled structure has been visu- 
alized to take the following course. In early diplotene an exceedingly minute coil 
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makes its appearance. The individual gyres appear as chromomere-like dots on 
the parallel chromatids (fig. i8), but they can be resolved under the microscope 
into rather regular coils of equal size and distribution (about i /x or less apart). 
They are not so closely packed as the later coils but show a relatively greater dis- 
tance between adjacent gyres. No suggestion of a zigzag or wavy outline prior to 
this stage was observed in any cells, but from their appearance these minute coils 
seem to have been “thrown in’^ on the threads, their initial size being about 0.5 /x in 
diameter. Instances were noted where one chromatid showed a change in the di- 
rection of the coil not possessed by its sister chromatid, indicating their independ- 
ence in coiling. The chromatids lie parallel at this early stage (fig. 18), and there 
is no evidence of chromatid appression (the pressing of the coils of one chromatid 
into the coils of its sister chromatid so as to give the appearance of a single coiled 
structure). An attempt was made to determine the number of these small coils at 
the time of their origin, but the threads could not be followed throughout their 
entire length. 

These minute gyres of early diplotene are destined to become the major coils of 
metaphase by a process of despiralization. The essential changes taking place 
during despiralization are three: (i) reduction in chromosome length, (2) reduc- 
tion in gyre number, and (3) increase in gyre diameter. A fourth change, an al- 
teration in chromonema length (21, 26), may occur, but the Tradescantia material 
was not suited for the detection of such a change if present. The physical basis 
of despiralization can only be conjectured at this time, although, as has been sug- 
gested by numerous cytologists, an explanation might be sought in the behavior of 
the matrix. In any event, the process of despiralization, with its accompanying 
changes, is very likely further accompanied by a rotation of the ends of the chro- 
mosome arms within the matrix. Where sister chromatids are as intimately coiled 
as in Tradescantia^ a rotation of chromosome ends, as the coils decrease in number, 
is a necessity if entanglement of chromatids is to be avoided, and — as figure 8 
shows — ^little or no entanglement of sister chromatids occurs at anaphase. 

The major coils in Tradescantia arise as new coils in early diplotene. It seems 
unlikely, as Nebel (16) states, that they are homologous with the relic coils of 
mitosis. In the first place, the pachytene chromosomes appear — in those organ- 
isms suitable for favorable study— as completely uncoiled structures, lacking en- 
tirely the irregular relic coils associated with somatic prophase. In the second place, 
Tradescantia somatic chromosomes usually have approximately twenty to twenty- 
five coils. The meiotic coils, if derived from these somatic coils, should be equal in 
number, but numerous instances of thirty or more coils in the present meiotic ma- 
terial tend to favor 2, de novo origin for the major coils. 

By diakinesis the major coils have undergone considerable despiralization, and 
the chromosome length has been greatly shortened. At this time the minor coil 
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makes its first visible appearance, becoming increasingly evident as anaphase ap- 
proaches. The major coils continue despiralization well into anaphase, for ana- 
phase coil counts, taken from the same slides as metaphase counts, are always less 
in number. There was no evidence of a minor coil at the time of inception of the 
major coil (fig. 18), and unless it is assumed that the early diplotene threads are 
submicroscopically coiled, the major coil must precede the minor in chromosomal 
development. This is contrary to the data of Coleman and Hillary (4), who 
demonstrate in Trillium that the minor coil precedes the major. 

The developmental aspects of the minor coil are obscured because of the diffi- 
culties of accurate observation, but by a comparison of early and late stages, ap- 
parently the same progressive picture obtains as for the major coil; that is, it is 
one of despiralization following spiralization. Interesting to note, in greatly de- 
spiralized chromosomes, is the presence of a subminor coil running perpendicularly 
to the minor coil. This third minute coil was clearest in those cells in which the 
major and minor had been relaxed, and although of considerable interest to coiling 
mechanics, further discussion must await a more detailed study. 

The meiotic coiling cycle of Tradescantia differs in several ways from the same 
cycle as seen in Trillium (4, 6, 21, 26). Huskins and co-workers show that in 
Trillium the number of major coils initially produced is determined by the degree 
of elongation of the chromonema within a matrix (cf . 4). A comparison of Trillium 
and Tradescantia indicates four main coiling differences. The first, relating to the 
time of development of the major coil as compared with the minor, has already 
been discussed. The second lies in the great reduction in chromosome length in 
Tradescantia and the lack of chromosome length reduction in Trillium, especially 
during diplotene and diakinesis. The third and fourth differences are concerned 
with the later development of the major coils. In Trillium, once the major coils 
have been regularly formed, there is no significant change in number of gyres, and 
there is no significant change in the gyre diameter. The last three differences are 
interrelated, of course, and if — as has been demonstrated in Trillium and assumed 
for other organisms — the matrix is the morphological unit determining the coiling 
behavior, it is evident that the matrix in Trillium is a more static structure during 
the time of major coil formation than it is in Tradescantia, where the matrix, in 
order to bound the chromonema, must contract in length and increase in diameter. 
In Trillium, therefore, it appears that the chromonema is the dynamic unit; in 
Tradescantia it is either the matrix, or both matrix and chromonema. 

Certain observations point to the type of coiling present in Tradescantia, 
whether of plectonemic or paranemic spirals (21). As already seen, the chromatids 
coil separately, and the appression of one chromatid coil into that of its sister 
chromatid occurs as prophase advances. The reticulate appearance of diakinetic 
chromosomes, as opposed to the single spiraled appearance at metaphase, is evi- 
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dence of incomplete appression, a phenomenon presumably brought about by pro- 
gressive dehydration of chromosome and matrix (9). The chromatids can there- 
fore readily separate laterally at anaphase on dissolution of the chromosome ma- 
trix, but this reveals nothing of the true nature of the spiral. With relaxation of 
both major and minor coils (fig. 17), however, it becomes evident that sister half- 
chromatids can likewise separate laterally, a condition which apparently can re- 
sult only from the chromonemata being twisted in paranemic spiral; a plectonemic 
spiral, upon relaxation, would leave the sister half-chromatids relationally coiled 
about one another. According to Sparrow, Huskins, and Wilson (21), a plec- 
tonemic spiral of n gyres will give the equivalent of 2n-i relational twists if there 
are no changes in direction. The sister half-chromatids in figure 17 (upper short 
arrow), however, show only one relational twist, while possessing ten to twelve 
minor gyres. It has been shown in Trillium (21) that the minor coil of the first 
meiotic division becomes the plectonemic spiral of the microspore division. The 
difference observed in Tradescantia may be real, indicating another point of de- 
parture from the Trillium type of coiling, or it may be merely apparent, the rota- 
tion of the chromosome ends undoing the relational twists and obscuring the true 
nature of the coils. Further work is needed on this point. 

Occasional configurations in heat-treated material are not so readily interpreted 
in terms of the preceding Tradescantia-type coiling cycle (fig. 2). The character- 
istic small coils are present (fig. 13), but chromosome regions not under anaphase 
tension seem to be thrown into large, loose, and somewhat unstable coils, as though 
by adopting these coils the chromosome were being relieved of some internal 
twist. These coils, in their looseness and irregularity, are unlike the ones in the 
shortened chromosomes in figures 5, 16, 17, and 19. At this time no explanation 
can be offered as to their nature or origin, other than that they are heat induced. 

A comparison of the development of somatic coils in Tradescantia with the 
meiotic coils reveals certain similarities. Koller (8) states that mitotic coiling in 
the golden hamster proceeds in much the manner described here for the major coils 
in Tradescantia^ but Nebel (16) considers this to be contrary to that found in so- 
matic chromosomes of plants. He states, “The early standard coils appear to be 
of smaller gyre but not much, if any, more numerous than the final standard 
gyres.’’ However, Koller’s observations on animal chromosomes can be readily 
corroborated in plant chromosomes by a study of the division of the generative 
nucleus in Tradescantia pollen tubes. Here somatic coiling is easily observed, and 
there is a marked decrease in the number of gyres at metaphase as contrasted with 
earlier stages (Sw^'ANSON, unpublished). The development of somatic coils is sim- 
ilar to that of major coils, and possibly minor coils, in that once the coils are initi- 
ated, the remainder of the coiling cycle is occupied by the despiralization process. 
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Summary 

I,. The genetical and environmental control of major coiling has been studied in 
Tradescantia from a quantitative point of view. The number of major coils per 
chromosome was shown to be under complex genetical control. 

2. The use of heat treatments revealed that the coiling cycle during meiotic 
prophase could be broken down into two stages: (i) the initiation of the coils, the 
spiralization phase; and (2) the loss of coils, the despiralization phase. It was thus 
possible to show that the major coils of metaphase are derived from numerous 
coils of small gyre size which are progressively reduced in number by uncoiling at 
the same time that the gyres are increasing in diameter. Using temperature from 
3.5° to 42° C., it was found that at high and low temperatures the despiralization 
process was accentuated, leading to greater contraction of chromosome length. 
The greatest number of major coils was found at 27° C. The effect of temperature 
on the number of major coils was considered both from the standpoint of the de- 
spiralization rate and from the time of spindle formation. At 40° C. the coiling 
was extremely variable, some chromosomes failing to despiralize while others were 
almost completely uncoiled. Failure of coiling was likewise observed at this tem- 
perature. 

The writer wishes to express his sincere appreciation to Professor Karl Sax 
for encouragement and criticisms during the course of the work, and to Drs. B. R. 
Nebel, N. H. Giles, and A. H: Sparrow for assistance. 

Department of Botany 
Michigan State College 
East Lansing, Michigan 
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ANATOMICAL AND PHYSIOLOGICAL RESPONSES OF SQUASH 
TO VARIOUS LEVELS OF BORON SUPPLY 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 636 
TAYLOR R. ALEXANDER 
(with five figures) 

Introduction 

There are available several summaries of the literature pertaining to boron 
and plant growth (2, 4, s, 16, 28). Studies on the internal boron-deficiency symp- 
toms have shown that different species may have certain chemical and anatomi- 
cal responses in common, but at the same time some variations have been ob- 
served. External boron-deficiency symptoms have been found to vary somewhat 
in time of appearance and in the sequence in which organs are affected — depend- 
ing upon the species, environment, severity of the deficiency, and age of the 
plant (3, 7, 16). Eaton (6) and others have found that different species grown 
under identical conditions vary strikingly in the amount of boron absorbed and 
tolerance to boron concentration, to the extent that plants have been grouped 
into three categories: sensitive, semi-tolerant, and tolerant. Purvis and Hanna 
(19) place squash in the sensitive group and state that in greenhouse soil squash 
gave a favorable response to borax applications. 

In this investigation, squash was selected as the experimental plant in an en- 
deavor to establish its external and anatomical response pattern and to compare 
it with species previously reported. It was also desired to investigate the degree 
to which different organs of the plant responded, with particular emphasis on the 
first visible symptoms. Preliminary experiments, in which squash was grown in 
boron-deficient solutions, demonstrated the extreme sensitivity of this plant to the 
absence of boron. Microchemical examination of the tissues indicated a great 
difference in catalase activity between treated and control plants. No mention of 
catalase was found in the literature related to boron nutrition, hence catalase de- 
terminations were included in the experiments. 

Material and methods 

The material used in these experiments was the Chicago Warted Hubbard 
squash, a variety of Cucurbita maxima Duchesne. Uniform seeds were selected 
and planted in fine sand on a greenhouse bench, where the seedlings were grown 
until they were about 2 inches above the surface of the sand, the cotyledons fully 
expanded, and the first foliage leaf showing. This stage was reached in about 7 
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days. At that time the seedlings were carefully removed from the bench by flood- 
ing the sand away with a slow stream of water, and they were then washed in 
several changes of distilled water. Four hundred uniform seedlings were selected 
and transplanted to |-gallon glazed crocks filled with a complete nutrient solu- 
tion and accommodating five plants per crock. The plants were supported by 
paraffined sheet-cork in which holes had been punched, the plants being held 
upright by a light packing of nonabsorbent cotton around the hypocotyls. The 
crocks were placed on a greenhouse bench and sphagnum moss packed around 
them. A thin layer of excelsior covering the sphagnum prevented contamination 
of the nutrient solutions by the sphagnum. This sphagnum-excelsior packing was 
kept wet during the course of the experiments in an attempt to keep the nutrient 
solutions as cool as possible. The method reduced the pot temperatures about 
io° C. during hot weather. 

The solutions contained Ca(N03)2, KH2PO4, and MgS04 at molecular concen- 
trations of 0.006, 0.003, and 0.003, respectively. The minor elements used were 
manganese as MnCh, zinc as ZnS04, copper as CUSO4, and iron as ferric citrate 
at 0.5, 0.05, 0.02, and i.o p.p.m., respectively. Boron was supplied to the control 
solutions at 0.5 p.p.m. as boric acid. Chemicals were of reagent quality. The pH 
of the solutions was 4.8-5.0, and the osmotic concentration was approximately 
0.7. 

All plants were grown on the complete solution (boron included) for 4-5 days, 
when all solutions were renewed. On renewal, half the plants were changed to 
solutions without added boron. Roots of the plants placed on boron-deficiency 
treatment and the crocks containing them had been washed previously with dis- 
tilled water. The remaining plants continued to receive the complete nutrient 
solution. The crocks were placed on the bench so that boron-deficient plants alter- 
nated with controls in all directions. Iron was added to solutions of both treat- 
ments at the rate of i p.p.m. every other day, and the nutrient solutions were 
kept at a given level with daily additions of distilled water. The nutrient solutions 
were changed again after s days. 

The experiments were designed to extend 10 days after the boron-deficient series 
were started, with five harvests, each 2 days apart. Three consecutive experi- 
ments, designated I, II, and in, were run during the summer of 1940, and environ- 
mental data for each lo-day period were obtained from the U.S. Weather Bureau 
on the campus. The possible sun hours for the lo-day periods were 146.8, 137.8, 
and 1 3 1. 7; actual sun hours were 119.6, 66,0, and 85.8; and the gram calories per 
square centimeter of horizontal surface were 5392.0, 3648.7, and 3729.4, respec- 
tively. Hygrograph records showed the humidity conditions to be similar for all 
experiments. The floor and walls of the greenhouse were kept wet by frequent 
sprinkling, and a single thickness of cheese-cloth shade was used when necessary 
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to prevent wilting. Generally the highest solution temperature recorded each 
day was around 26'' C., but extreme ranges from 23"^ to 33"^ C. were noted on the 
hottest days. Solution temperatures were markedly lower at night. 

At harvest, twenty plants were taken at random from each of the two treat- 
ments and fresh weights determined. For histological material ten samples were 
selected from the following plant organs: veins and 'associated tissue near base 
of blade, and petioles midway between stem and blade of both the first and second 
foliage leaves; stem tips; stems just above divergence of first leaf; hypocotyls 
halfway between the peg and cotyledons; and root tips. Plants in the boron-de- 
ficient series ceased appreciable growth after the second leaves had partially de- 
veloped and the second internode of the stem had elongated. Thus the organs 
sampled represent the entire treated plant and their control counterparts. Tissues 
were fixed in Sax’s modification of Navashin’s solution and stained with a varia- 
tion of Flemming’s triple stain. 

Using a modified Appleman (i) apparatus, catalase determinations were made 
on stem tips including the second leaves, first leaves, hypocotyls, and roots. 
Duplicate i-gm. samples, representing twenty plants, were taken from organs 
which had been cut into small pieces and mixed. Each sample was prepared for 
analysis by grinding in a mortar for 2 minutes with i gm. of CaCOs approxi- 
mately I ml. of water. The ground sample was washed quantitatively into a 
shaking bottle, a total of 15 ml. of water being used in grinding and transferring. 
The equivalent of 10 ml. of 3 per cent H2O2 (Merck), standardized against 
KMn04 and neutralized to phenolphthalein with N/io NaOH, was used in each 
determination. Gas measurements were made immediately after grinding each 
sample. The shaking bottle was suspended in a waterbath at 25° C., and shaking 
was started the instant the 10 ml. of H3O3 was delivered to the shaking bottle. 
The time required for the release of either 25 or 50 ml. of gas, depending upon the 
tissue, was regarded as an index to catalase activity; the time was recorded in 
seconds from the incidence of shaking. 

Results 

External SYMPTOMS 

In all experiments, boron-deficiency symptoms were identical in aspect and se- 
quence but differed in time of response and extent. Plants in experiment i usu- 
ally responded I day, and in some cases 2 days, earlier than in experiments ii 
and III. Symptoms as they occurred in experiment i are given. 

A brittleness in the above-ground portions of the plant, together with a stunted, 
discolored root system, accentuated in some roots by laterals near the root apex, 
were symptoms visible on the Second day. On the third day general stunting was 
noticeable, and the second and younger leaves, involving the stem bud, had de- 
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veloped a yellow spotting and were slightly chlorotic. The second leaves were 
cupped downward, roughened, and petioles were thickened. Some roots were en- 
larged near the tips and were of a spongy consistency. By the fourth day spotting 
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At the end of the lo-day period all the deficiency symptoms were more pro- 
nounced. The control plants had grown until the diameters of their petioles and 
stems equaled or exceeded those of the boron-deficient plants, which had enlarged 
rapidly during the first half of the lo-day period. First leaves of the boron-defi- 
cient plants remained dark green, stiff, and brittle. The veins of the younger 
leaves were thickened, contorted, and made prominent by the yellow and chlorotic 
condition of the vein islets. In all cases, stem tips were dead. Secondary and ad- 
ventitious roots had succeeded in growing to some extent, but all linear growth 
had ceased before the experiments terminated. Cotyledons were still green and 
firm on the boron-deficient plants, whereas they had become wilted and were be- 
ginning to fall from the controls. 

Plants in the boron-deficient series increased in fresh weight only slighty after 
the fourth day of treatment, while the controls increased steadily in weight 
throughout the experiments. 

Another difference between the deficient and control plants was their geotropic 
response. Plants after 2 days in the boron-deficient solutions lagged in their re- 
sponse, while controls responded readily. After 5 days of treatment the boron- 
deficient plant stems failed to bend, even during a s-hour exposure to the stimulus. 

Internal symptoms 

Internal symptoms described in the following paragraphs were observed in' ma- 
terial from experiments i and iii, with occasional reference to experiment ii. Simi- 
lar symptoms were found in all experiments, the greatest variation being that 
plants in experiment i gave evidence of response 1-2 days earlier than plants in 
experiment ii or iii. All organs which responded extensively to the deficiency 
conditions were characterized by progressive thickening of cell walls during the 
first half of the treatment period, separation of liquefied xylem cells by the en- 
largement of the xylem parenchyma, and the presence of a red-staining substance 
of granular appearance in the vessels and tracheids. After the plants had been 
growing 2 days in the boron-deficient solutions, lignified cell walls of the xylem 
had a greater tendency to retain violet stain than had comparable tissue of control 
plants. At a given level in an organ, there were instances in which the same tissue 
varied in its response from no visible symptoms to extreme S3miptoms. And in 
general, boron-deficient tissues tended to mature before similar tissues of control 
organs. 

Stem TIPS.— By the second day, small groups of cells located in the youngest 
portion of the stem tips were responding in plants of the boron-deficient series, 
as indicated by their staining qualities; later in the experiment large groups of 
cells disintegrated in this region. Prior to the fourth-day harvest, unexpanded 
leaves and leaf primordia had begun to die. In those cases where the primordia 
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persisted, cells were enlarged, thick walled, and without normal cellular contents 
(fig. 2) . Collapse of the cortical parenchyma, several cells in thickness, had oc- 
curred from near the apex to the level of mature protoxylem elements, the dead 
tissue forming an almost continuous ring just inside the area where a band of col- 
lenchyma later differentiates in stems having no boron deficiency. Other cortical 



Fig. 3.— Transections from region of maturation in stem tip; ^ 4 , control; stem from plant grown 4 
days in boron-deficient solutions, showing collapse of cells in vascular strands and cortex and enlarge- 
ment of cortical parenchyma. 


cells had thickened walls and were enlarged, whereas cells in the vascular strands 
and associated parenchyma were dying (fig, 3). 

Samples taken on the sixth day showed complete disintegration of large por- 
tions of the meristem in the region of greatest cell division. The collapse of the 
cortical parenchyma, cell enlargement, and disintegration of the embryonic vascu- 
lar system were more advanced than in former harvests, and in severe cases pith 
cells were affected. The only additional changes observed on the eighth and tenth 
days involved death of the tissues at levels progressively farther from the stem 
apex. , . . 
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Second leaves. — Petioles of the boron-deficient plants were larger in dianaeter 
than the controls 2 days after treatment was begun. This was attributed mainly 
to increase in size of fundamental and xylem parenchyma. Collapse of some corti- 
cal parenchyma was observed. Plants grown 4 days on boron-deficient solutions 
possessed petioles which had been further increased in thickness by general hyper- 
trophy of cells of all tissues, especially in the external cambium and the paren- 
chyma between the xylem and the internal phloem. This growth of cells in the 
vascular bundles had contributed to larger radial and lateral dimensions of the 
bundles and displacement of the surrounding radially elongated parenchyma, so 
that in transverse section most bundles were flanked by a group of curved funda- 
mental parenchyma cells. These curved parenchyma cells formed arcs, the cen- 
ters of which were the vascular bundle (fig, 4) . A few tangential divisions had 
taken place in the lengthened parenchyma cells. Varying amounts of phloem, 
xylem, and cambial tissue were crushed. 

The controls and treated plants had petioles of approximately equal diameter 
at the end of the experiment. Cell division in the cambiums of the treated plants 
terminated about the fourth day, whereas the cambiums of the control petioles 
continued usual development. Increases in size of boron-deficient petioles occur- 
ring after the fourth day may be related to the great degree of hypertrophy in the 
affected tissues. 

Marked symptoms had developed in the veins between the second and fourth 
days. The parenchyma between the adaxial phloem and xylem and the abaxial 
cambium had elongated in radial dimension, elongation taking place in the order 
named. This gave rise to a vertically lengthened bundle in which the protoxylem 
and the most recently formed xylem cells were frequently crushed. Xylem paren- 
chyma cells also became enlarged, as well as the fundamental parenchyma cells 
adjacent to the bundles. There had been little change in the mesophyll of the 
boron-deficient leaves since the second harvest. Intercellular spaces were absent, 
giving the leaf a compact appearance in transverse section. Chloroplasts were 
small and differed in staining reaction from chloroplasts of control plants. 

Progressive changes in the initial symptoms were noted on the sixth, eighth, 
and tenth days. Greatest increase in cell size had occurred in the abaxial cam- 
bium, the cells being radially and laterally enlarged and lacking uniformity of ar- 
rangement. The mesophyll cells had grown in size so that they were as large as 
or larger than the mesophyll cells of control leaves, but there were no intercellular 
spaces. In contrast, the control leaves were characterized by extensive intercellu- 
lar spaces. 

Stems. — The stems of the 2-day boron-deficient series were larger in diameter 
than the control stems and were found to contain enlarged fundamental paren- 
chyma, xylem parenchyma, and parenchyma between the xylem and internal 
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phloem. Two days later the differences were accentuated by continued cell en- 
largement of these tissues and the external cambium. External phloem cells and 
cortical cells immediately outside the bundles in which symptoms were evident 
were compressed radially. On the tenth day the control stems were of greater 
diameter than the treated, but on any radius the latter were approximately as 



Fig. 5.— Transection of second internode of stem: A, control; B, stem from plant grown 10 days on 
boron-deficient solutions; note collapse of cortical parenchyma near upper portion of section and growth 
of tissue into cavity of stem. 


thick from the outer edge of the stem cavity to the outside of the stem. How- 
ever, unequal centripetal growth of the tissues of treated stems was such that cells 
in localized areas protruded into the stem cavity, destroying the regularity in 
thickness observed in the control stems (fig. 5). The bundles which had been 
largely undifferentiated at the beginning of the treatment consistently had fewer 
lignified xylem cells than other bundles. These bundles also often contained a 
group of radially elongated cells located in the region where the external cambium 
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usually originates. In cortical cells adjacent to or near the ring of sclerenchyma, 
a collapse of cells which sometimes extended through the collenchyma to the epi- 
dermis frequently occurred. These breaks generally described an irregular arc 
many cells in length (fig. 5). 

First leaves. — Symptoms of the petioles noted on the last day of harvest 
paralleled those of the second-leaf petioles. Symptoms made their appearance ap- 
proximately 2 days later than the latter, however, and were never as great in 


TABLE 1 

Catalase activity (expressed in seconds) required to liberate 50 ml. O2 for 

STEM TIPS AND FIRST LEAVES AND 25 ML. Oz FOR HYPOCOTYLS AND ROOTS 


Organ 

Second day 

Fourth day 

Sixth day 

Eighth day 

Tenth day 

Significant 

DIFFERENCES . 


+B 

-B 

+B 

-B 

+B 


+B 

-B 

+B 

-B 

1% 

5 /o 


Experiment ii 

Stem tips .... 

10.3 

8.S 

15.6 

4.8 

20.1 

6.7 

I 5 -I 

6.9 



1.9 

; 1-3 

First leaf .... 

26 . 6 

18.5 

36 . 3 

26.0 

51 .0 

27 , 6 

45.3 

28.5 



3 . 2 

2 . 2 

Hypocotyl. . . 

94.0 

136.0 

66.0 

50.5 

102. 1 

si. 8 , 

1390 

39-7 



32-3 

22 . 2 

Roots 

33-3 

58.4 

25.0 

33.0 

37.0 

40.9 

47.6 

41 . 5 



14.9 

10.3 


Experiment hi 

Stem tips .... 

10.3 

6.3 

20.5 

8,9 

23-9 

6.1 

13.6 

4.5 

II . I 

8.7 

7.0 

4.9 

First leaf .... 

7-5 

6.5 

iS -3 

8.7 

iS -5 

6.5 

9.4 

5-7 

II. 7 

3-9 

1.8 

1-3 

Hypocotyl. . . 

64.0 

56.7 

91.5 

73.0 

132.0 

48.0 

75-0 

24.0 

54-0 

10. 0 

25-7 

18. 1 

Roots 

92.0 

81 .3 

lOI .0 

85.0 

88.0 

43-0 

gi .0 

56.5 

81.0 

44-0 

10. 5 

7.4 


extent. The mesophyll of leaves from the two treatments was similar in all visible 
aspects. 

Hypgcotyls. — ^As a rule, material from all three experiments failed to show 
significant differences between the treated and control plants. But an occasional 
bundle was observed in which there was a suggestion of initial boron deficiency, 
as had occurred earlier in stem bundles. 

Root tips.— Description of boron-deficiency symptoms in roots is difficult 
since varying degrees of response could be observed in material of a given harvest. 
Incipient and advanced symptoms were evident on the second day of treatment. 
Contrasted with control roots, the histogen region of boron-deficient roots had 
decreased in extent, and maturation processes were active nearer the apex. At 
levels where there had been no differentiation of stelar tissues, collapsed, disinte- 
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grated, and enlarged cells or groups of cells were observed in the peripheral por- 
tions of the stele. Hypertrophy of the embryonic stelar tissue and stretching of 
the slightly enlarged cortical cells by growth of stimulated lateral root primordia 
which were prominent almost to the tip of some roots, were factors in the increase 
of root diameter. 

Roots examined after 4 days in the boron-deficient solutions were affected se- 
verely. Death and disintegration of the extremities of the tip were not uncommon. 
In the region of elongation and maturation, individual cells were enlarged, others 
were crushed, and in some roots the central portion of the stele was so completely 
disintegrated that cells could no longer be recognized. Farther from the apex 
there was crushing and collapse of cells associated with growth of laterals, and 
frequently the lateral roots developed deficiency symptoms before emerging from 
the cortex. These symptoms were characteristic of those found on the remainder 
of the harvest days, except that deterioration became more extensive. 

Chemical measurements 

The data on catalase determinations may be found in table i, where the figures 
for catalase activity are averages of duplicate samples. The “significant differ- 
ences’^ included in the table refer to differences necessary for significance between 
the control organs and the treated ones on any harvest date. In the cases of stem 
tips and first leaves, the evolution of oxygen from preparations of boron-deficient 
tissue was so rapid that it was found necessary to use so-ml. volumes. Hypocotyl 
and root tissues were relatively inactive; therefore the volume was reduced to 
25 ml. when these tissues were analyzed. 

Discussion 

Differences in time required for the appearance of both external and internal 
symptoms of deficiency in experiment i as contrasted with experiments ii and iii 
have been mentioned. Warington (26) reported that the delay in appearance 
of symptoms in other seasons compared with summer is correlated with decreased 
day length. Eaton (7) also mentions variations in response between seasons and 
in growth periods within seasons. Experiment i was conducted under compara- 
tively high light and temperature conditions, and this probably accounts for the 
discrepancies noted between experiments. The effect of external conditions on 
catalase activity was not ascertained, since such activity was determined only for 
experiments ii and iii, which were conducted during periods of comparable condi- 
tions. 

In squash the response to boron-deficient nutrition was found to be general 
throughout most of the plant. All organs responding extensively by the second 
day had developed entirely or in part after the treatment was started, and the 
relative maturity of the hypocotyls and first leaves at the beginning of the treat- 
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ment might have been a factor in limiting their response. Stem and root tips, 
second leaves, and stems gave anatomical evidence of response within 2 days. 
Of these, the apical meristems were the most reactive. Disintegration and col- 
lapse of parenchyma cells in the apex of the meristem and cortex of the older por- 
tions were the first responses in the stem tips; while hypertrophy of xylem paren- 
chyma, fundamental parenchyma, and cambium characterized the earliest symp- 
toms in leaves and stems. The downward cupping of the second leaves after the 
plants had been growing in boron-deficient solutions 3 days can be correlated 
with the first visible internal symptom; namely, the increased size of paren- 
chyma cells between the xylem and the internal phloem. In petioles and stems, 
likewise, comparable tissue tended to be the first to increase in size. The paucity 
of intercellular spaces in the mesophyll of second leaves under the treatment was 
probably associated with the failure of these leaves to expand fully. 

Hypertrophy and disintegration of the cambium followed by disintegration of 
the phloem has been reported as an early symptom in stems of Vida Jaba (25), 
citrus (9), and sugar beet (21). The short duration of the experiments in this in- 
vestigation might account for the relatively limited response of the phloem. 
Ground parenchyma is also frequently affected, as shown by sugar beet (2, 21) 
and V. faba (25). Dennis (4) quotes work of Jamalainen, in which the first 
symptom of deficiency in Swedish turnip was enlargement of the xylem paren- 
chyma. The collapse of cortical parenchyma in the cortex of the stem and petiole 
of squash may be similar to the conditions preceding “cracked stem’’ of celery 
caused by boron deficiency (20). 

In the root tip the stele was the region which responded most to the deficiency. 
Hypertrophy of the cells and stimulated lateral root primordia were the main 
symptoms. These results are in general agreement with Warington’s report on 
F. faba (25) but differ in some aspects from work reported by Sommer and 
Sorokin (23). The latter, working with Pisum sativum, found the outstanding 
symptoms to be hyperplasia of the plerome, hypertrophy of the periblem, and 
abundant primordia of secondary roots near the apex. Rowe (21) stated that 
sugar-beet roots merely failed to elongate in boron-deficient solutions. The fact 
that varying degrees of response in root tips were observed during the early 
phases of the present experiments has been mentioned previously in the account 
of internal symptoms. Some of these differences may be related to variation in 
response between individual plants. It was noticed after treatments were started 
that the boron-deficient plants frequently developed adventitious roots from the 
hypocotyl. These roots grew rapidly for a short time, while other roots had ceased 
terminal growth. The adventitious roots were occasionally sampled with the other 
roots, and this might also have been partially responsible for some variations seen 
in anatomical symptoms between and within harvests. 
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With the exception of the first harvest date, significant differences in catalase 
activity of the stem tips and first leaves were obtained between the treated and 
control plants. The data (table i), however, show that on the first harvest, differ- 
ences were either significant or approaching significance at 5 per cent. Samples 
prepared from the treated tissues were always more active than those from control 
tissue in the liberation of gas, the greatest difference occurring about the sixth day. 
At this time the treated tissues required only about one-third the time that con- 
trol tissue did to liberate equal quantities of oxygen. Tissues containing the great- 
est number of chloroplasts were most active. Besides liberating gas slowly, hypo- 
cotyls and roots usually gave less consistent results between experiments and 
harvest dates within experiments. On the other hand, the activity of these boron- 
deficient organs consistently exceeded the controls on each harvest day of experi- 
ment III. The use of entire roots — rather than the root tipS"- might account in 
part for their comparative lack of activity. With the exception of root tips, there 
was a positive correlation between the organs with the first and most extensive 
anatomical response and those with the highest rate of catalase activity. 

The function of catalase in the plant cell has not been demonstrated, although 
there are numerous reports on the relation of catalase activity to respiration and 
general metabolism. Heinicke (14) contended that catalase activity is a measure 
of the metabolic status of tissues and that it might serve as an indicator of the 
physiological responses of plants to their environment. Considering the occur- 
rence of abnormal growth and disintegration of cells in tissues studied, the follow- 
ing reports are more specific and possibly of correlative nature. Harvey (13) 
found that ^^overgrowths’’ produced by freezing or by Bacillus tumefadens on 
Ricinus, beet, and Bryophyllum brought about a lower pH of tissue and increased 
the activity of catalase over normal tissue. Later it was shown that potato tissue 
affected with the potato wart disease, which also caused ^^overgrowths,” had twice 
the catalase activity of normal plant tissue (27). A physiological disorder of 
apples in storage known as ^'soggy breakdown” is preceded by and associated with 
high catalase activity, as contrasted with normal apples (ii, 18). With reference 
to enzymatic activity and boron nutrition, only one report was found. Haas and 
Klgtz (10) reported that citrus leaves from boron-deficient plants exhibited a 
slightly greater diastatic activity, than normal leaves. 

The catalase molecule has received considerable attention in recent years. 
Catalase is now thought to be a chromoprotein composed of a colored prosthetic 
group, apparently a hematin compound, with a protein (8). Hematin is an iron- 
porphyrin compound (12), and the family of iron-porphyrin proteins includes 
others of the most active catalysts known, for example, peroxidase and cyto- 
chrome. There is general agreement that the iron present in catalase is in the 
ferric state, and the number of iron atoms per molecule is considered to be four 
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(8). Zeile and Hellstrom (30) demonstrated positive correlation between enzy- 
matic activity and content of porphyrin-bound iron in catalase from horse liver. 
Other workers (24) have found that those preparations of horse and beef liver 
catalase which are the most active produce the greatest quantity of hemin iron. 

Zeile (29) investigated catalase prepared from cucurbit seedlings (Samen der 
Kurbissorte “Lang gul Marg”) and found that it gave absorption bands in com- 
mon with catalase from horse liver; he concluded that plant and animal catalase 
are similar. This work was confirmed by Keilin and Hartree (15), who pre- 
pared their catalase from germinating cucumber seeds. 

Examination of the symptoms preceding and coexistent with the increased 
catalase activity in the boron-deficient plants and the chemical structure of cata- 
lase suggested some possible correlations between the extremely high catalase 
activity and the chlorotic condition of the most active tissues. Chlorophyll has a 
chemical structure related to the porphyrins, and the present concept of the 
chlorophyll molecule has such a nucleus (12). Hence, the destruction of chloro- 
phyll or interference with its normal synthesis could lead to the accumulation of 
compounds related to the prosthetic group of catalase. Neish (17), reporting on 
three species of plants, stated that most of the catalase in leaf cells is found in 
chloroplasts together with a concentration of iron and copper — all of which are 
oxidative catalysts. The leaves which developed under the boron-deficient treat- 
ment failed to develop normal chloroplasts. Further, the necessity of iron for the 
formation and maintenance of chlorophyll has been established (16), and Shive 
(22) states that functional iron is in the reduced state. If it is assumed that the 
increased catalase activity represents a larger percentage of total iron in the 
ferric state than in less active tissues, the inactive condition of the ferric iron 
might account for some of the chlorosis observed in the boron-deficient squash. 

The brittleness of the boron-deficient tissue suggested another possible explana- 
tion for the increased catalase activity. It was thought that the brittle tissue 
might grind more readily and bring about a greater extraction of the enzyme. 
However, variation in the time of grinding brought about no significant differ- 
ences in results. The influence of the affected chloroplasts as a factor was not in- 
vestigated. 

Summary 

1. Plants were grown 10 days on control and boron-deficient solutions. Samples 
representing the entire plant were taken every second day for anatomical exami- 
nation and catalase determinations. 

2. External symptoms of boron deficiency were described for the entire plant 
and were correlated where possible with internal symptoms. 

3. Anatomical responses were evident in stem and root tips, second leaves, 
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and stems 2 days after the boron-deficient treatment was started. In the stem 
tips, cell enlargement and collapse occurred in the region of cell division and in 
the cortex of more mature portions. The stelar cells of the root tip were similarly 
affected. Tissues which were actively growing at the beginning of the treatment 
were the most responsive. Hypocotyls were very inactive. 

4 . Hypertrophy of the xylem parenchyma and the parenchyma in the regions 
where the internal and external cambiums usually originate was the first visible 
response in organs with, differentiated vascular bundles. 

5. Boron-deficient organs showed more catalase activity than control organs, 
the differences being obvious even on the second day of treatment. With the ex- 
ception of root tips, the greatest catalase activity was measured in the organs with 
the earliest and most extensive histological responses. These organs were also 
the ones which became chlorotic, and a possible correlation between this condi- 
tion and the extreme catalase activity was suggested. 

6. Plants of the boron-deficient series soon lost their capacity for geotropic re- 
sponse. The first evidence of this was noted on the second day of treatment. 

University oe Miami 
Coral Gables, Florida 
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ROOT DISTRIBUTION AND ENVIRONMENT 
IN A MAPLE-OAK FOREST 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 537 
NORBERT J. SCULLY 
(with twenty-one eigures) 

Introduction 

Various studies have emphasized the importance of investigating root dis- 
tribution (a) as a phase of the structure of communities; (b) in correlation with 
horizonal characteristics of soil profiles which might directly or indirectly affect 
root growth; (c) as a background for the logical sampling of soil factors; (d) in 
interpreting plant competition studies and individual plant responses. All these 
outlooks are necessary in a complete analysis of environment and community rela- 
tionships. The present study was approached primarily from the first two points 
of view but also furnishes a background for further work along other lines. 

The trench method of investigating roots (i8) offers no difficulty when most 
roots present belong to one or a few dominant species. In deciduous forests with 
luxuriant ground cover, however, difficulties in root identification tend to limit 
the value of such study to simple correlation based only on the total root distribu- 
tion, although many of these difficulties can be overcome by certain modifications 
and additions to the method. 

Investigation of root distribution by the trench method is essentially statistical. 
Any method employed should measure accurately the variability in the population 
to be sampled. A refinement of methods to cope with the degree of heterogeneity 
is desirable. The present investigation offers a partial solution to the problem in 
deciduous forests, where roots are numerous. Further, it seems desirable that any 
study of relationship between root distribution and environment should consider 
the whole biology of the soil profile. Such study demands analysis of the soil 
proper; of inherent growth tendencies of the root systems of given dominant 
species as well as their responses to specific soil characters; and— of equal impor- 
tance in most habitats — the role played by soil invertebrates and burrowing ani- 
mals. Animal activities are in need of much more study, particularly in regions 
exhibiting the mull type of forest soil profile. 

The present study consists primarily of a root distribution and environment 
investigation in a 65-acre tract of sugar maple-red oak-white oak forest. Counts 
were made of all roots occurring in profiles of sixteen selected stations, employing 
an old and a new method of trench sampling; and an attempt was made to cor- 
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relate their occurrence in number, size, and area to the respective horizonal fea- 
tures. A number of physical soil factors and the occurrence and role of earth- 
worms and cicada nymphs in the profiles were observed. 

The investigation was conducted during the summers of 1938, 1939, and 1940 at 
Wychwood, Lake Geneva, Walworth County, Wisconsin. 

Regional habitat conditions 
Climate 

Nearly all of Walworth County is included within the Rock River basin. This 
climatic province has the longest growing season of any in Wisconsin, averaging 
approximately 170 days (20). The mean annual temperature at the Weather Bu- 
reau Station at Delevan, a few miles from Wychwood, is 46.0° F. The average 
annual precipitation of 31.4 inches is distributed rather uniformly throughout the 
growing season, with an average rainfall of more than 2.6 inches per month from 
April to September, inclusive. The data from the Delevan station indicate com- 
paratively slight climatic fluctuation. 

Physiography 

Wychwood lies on the Darien moraine of the ^ ^kettle-range,’^ one of the most 
striking topographic features of a large portion of eastern Wisconsin (17), About 
Lake Geneva, on the north shore of which Wychwood is located, the topography is 
typically irregular. Within the 6$ acres of forest a definite knob-and-kettle topog- 
raphy is found, although there are only a few true kettles. Slopes of i occa- 

sionally extending 100 feet or more, are comparatively common. The land rises to 
the north in the |-mile length to a maximum of 1029 feet above sea level, or 168 
feet above the lake, affording good conditions for drainage. A few depressions 
without surface outlets occur, but they normally possess comparatively good 
internal drainage. 

Soil 

All profiles examined at Wychwood correspond to the Belief ontaine silt loam 
t3^e (8, iij 17), a characteristic type on the more rolling till deposits in eastern 
Wisconsin, belonging to the Gray-Brown Podsolic Group. The underlying rock 
formation, from which the glacial deposits at Wychwood are derived in large part, 
is Niagara limestone. Owing to the calcareous nature of the parent soil material 
and the annual return of large supplies of bases to the surface through the de- 
composition of fallen leaves, a ‘^coarse mull” type (7) of soil has developed in 
which the organic matter is intimately mixed with the upper few inches of the 
mineral soil. 

The Ao horizon is variable in thickness because of the irregular local topography 
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and because the annual leaf fall completely disappears, except for occasional 
petioles, before the next year’s foliage is shed. The rapidity with which leaves 
decompose in this forest during the summer months is uniisuaL The possible role 
of earthworms {Limbricus spp.) in this regard is treated later. 

The profiles examined typically had a dark gray, silt loam horizon with an 
average depth of 4 inches. With few exceptions, the horizon is relatively high in 
organic matter in the specific stations and in other sampled areas. Numerous 
small but visible pores were evident, and the soil was distinctly crumbly and 
friable. 

The A2 horizon, occasionally absent, was a grayish yellow silt loam, indication 
that leaching had not been complete. It was somewhat lighter in texture than the 
Aj, Encountered at an average depth of 4 inches, it had an average thickness of 5 
inches. Typically this horizon was the lightest colored in the profile and showed a 
slight blocky structure at its lower levels. 

The horizon, a heavy silt loam, occasionally with varying amounts of sand, 
varied in color from dull brown to yellowish brown. Encountered at 9 inches, it 
was 4 inches thick. The soil had a well-marked, small blocky structure which 
was more evident than in the A2. 

The B2 horizon, encountered at 13 inches, was 19 inches thick and consisted of a 
heavy, reddish brown sandy clay. It had a characteristic angular nut structure 
which became more massive as the C horizon was approached. At the upper limits 
of the Cx, the nut structure disappeared. Upon wetting, the Ba horizon becomes 
very sticky and plastic. Upon drying, the individual blocks shrink and the sutures 
give rise to marked hair-line crevices. Isolated white to light yellow particles of 
cherty material of variable size characterized the horizon, particularly in the 
lower portions. 

Appearing at a depth, of 32 inches, the C horizon consisted of a gravelly sandy 
clay or a gravelly sandy loam. Limestone rocks were found in variable numbers 
and sizes in the upper 6-inch level of the horizon. 

This soil type is subject to erosion, evidenced by exposure of the A2. and, occa- 
sionally, Bi horizons in scattered areas. Erosion is not confined to areas with 
marked slopes but also occurs on comparatively level surfaces. 

Vegetation 

Deciduous forest is the climatic climax in the region. In the southeastern por- 
tion of Walworth County it was originally represented by a mixture of several 
species of oak, maple, hickory, etc. (17). At present the forest at Wychwood, one 
of the few relatively undisturbed stands in the region, is primarily sugar maple-red 
oak-white oak. The older oaks are more than 200 years old, while many maples 
are 100 years or more. 
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TABLE 1 


Relative abundance* and frequency index of station species 


Species 

Sl-^TIONf 

Fre- 

quency 


I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

1 2 

13 

14 

15 

16 

INDEX 

(%) 

A. Herbaceous: 

Actea alba 






R 







R 



R 

19 

6 

Adiantum pedatum 



R 











Amphicarpa bracteata (p) t ■ 




R 



c 

C 


R 

A 


R 



38 

56 

69 

50 

50 

50 

13 

6 

Aralia nudicaulis (p) 




c 

R 



R 



C 

C 

R 

c 

C 

R 

Arisaema triphyllum (p) — 
Aster sp 

R 

C 

C 


C 

R 

C 

c 

C 


C 

R 

R 






c 

R 

R 


R 

c 

R 

C 

C 

Carex pennsylvanica (p) .... 




A 

A 

R 



A 

c 

R 

R 

c 


Caiilophyllum thalictroides 

(p) 

R 

R 


R 


R 

c 

c 

R 


c 


Circaea latifolia 



c 







c 


Cryptotaenia canadensis . . . 






C 











Cypripedium parviflorum . . 











R 






6 

Desmodium strictum (p) . . . 




R 







R 

R 

R 


c 

R 

38 

38 

31 

38 

25 

69 

6 

Dioscorea villosa 

R 






c 

R 


R 

C 

R 



Eupatorium purpureum (p) . 





C 



R 

R 



R 

R 

Eupatorium rugosum (p) . . . 



R 

R 




C 

R 





R 

C 

Galium sp 










R 

R 

R 

R 

Geranium maculatum (p) . . . 



R 

R 

R 

c 

R 

C 

R 


R 

c 

C 

C 

Geum sp 




R 








Hepatica acutiloba (p) 






c 


R 

c 


R 

R 

R 

R 



44 

13 

6 

Helianthus sp 





R 





R 



Laportea canadensis (p) . . . . 





R 










Menispermum canadense (p) 
Osm.orhiza claytoni 






C 











6 




R 













. 6 

Phryma leptostachya (p) . . . 





C 











6 

Podophyllum peltatum (p) . . 
Polygonatum pubescens (p) . 

R 

R 

'r 



C 

R 

R 

R 

R 

C 

C 

R 



C 

75 

44 

19 

19 

19 

6 

R 

R 

*R 


C 

C 


R 

C 


Prenanthes sp 

R 


R 







R 




Ranunculus septentrionalis 

(p) 







R 


R 


R 



Sanguinaria canadensis 



R 





C 




R 



Sanicula sp 





R 










Smilacina racemosa (p) 


C 

C 


C 

R 

C 

C 

C 

C 

R 

R 

R 

C 

C 

81 

Smilax ecirrhata (p) 

R 

R 

R 




R 

R 


R 

C 


44 

6 

Solanum dulcamara (p) .... 



R 








Solidago latifolia (p) 

R 

R 

C 

C 

R 

C 

C 

C 

C 

C 

C 

C 

R 

C 

C 

94 

50 

19 

19 

6 

Solidago sp 


R 

R 





R 

R 

C 

R 

R 

C 


Thalictrum dioicum (p) .... 








R 

R 


c 


Trillium grandiflorum 






R 


R 



R 




Trillium recurvatum 







R 







Uvularia grandiflora (p) . . . . 






C 

R 

C 

C 

C 

*R 



R 

c 


50 

6 

Viola sp 













”c. 



















No. of species per station . 

7 

6 

10 

II 

9 

17 

8 

17 

17 

9 

18 

14 

13 

13 

18 

12 



* Relative abundance: A, abundant; C, common; R, rare. 

t Stations i-io sampled in 1938; stations ii~i 6 sampled in 1939- 

t (p), one or several plants or their root systems photographed in 1938-1940. 
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TABLE 1 — Continued 


Station t 


Fke- 


Species 



I 

2 

3 

4 

5 

6 

7 

S 

9 

10 

11 

12 

1.3 

14 

IS 

16 

B. Woody: 

Acer saccharum (p) 

A 

A 

A 

C 

c 

C 

A 

c 

A 

A 

A 

A 

A 

A' 

A 

A 

Amolanchier rana.densis 






c 



R 


C 

C 

R 



Carya cordif ormis 



R 


c 

C 

C 

C 




R 

C 

R 

Cornu s alternifolia 



c 






R 

C 


R 

Fraxinus americana (p) . — 
Fraxinus nigra. 

C 


C 

c 

c 

c 


R 

R 

C 

C 

C 

R 

C 

A 

A 

C 

Hamameiis virginiana 



R 







C 





Lonicera dioica (p) 

c 


c 







C 

c 

A 

C 

R 

R 


Ostrya virginiana 


C 

R 

c 

c 



C 

c 

c 

C 

c 

C 

C 

Parthenocissus quinquefolia 

(p) 



C 

R 

R 

c 

A 

C 

c 

R 

C 

R 

R 

... 


A 


Prunus serotina 

R 


R 

R 





R 


C- 
i C 



Prunus virginiana (p) 

C 

C 

C 

C 



C 


’c 

C 

^ R 

i C 

R 

c 

Quercus alga (p) 


C 

R 

c 

c 

A 

c 

C 

c 

A 

R 


’a' 

! A 

; C 

! 

j . . . 

i 

1 

C 

c 

Quercus borealis maxima (p) 
Rhus radicans 

C 

A 

C 

A 

c 

C 

C’ 

R 

C 

1 c 

A 

c 

c 

Ribes cynosbati 













1 c 

'r 

1 c 



Tilia americana 

c 

C 





'c 


c 

C 

’c 


A 

'c' 

'c 

Ulmus americana (p) 

R 







R 

c 

c 

1 


R 


Ulmus fulva 

c 

R 








i*c 

I'c 

C 

'c 

Viburnum acerif olium 



C 

A 





C 

"c 

c 

1 c 

R 

R 1 

Vitis sp 










R 





c 

Zanthoxylum americanum . . 

c 

R 





c 




R 

. . 

|‘r 
















No, of species per station. 

9 

8 

12 

10 

8 

6 

8 

8 

10 

8 

14 

13 

i !.:> 

L ...... 

12 

14 

12] 

1 


qitency 

INDEX 

(%) 


lOO 

25 

56 

K) 

88 

13 

13 

44 

75 

75 

31 


TOO 

6 

13 

63 

2 $ 

44 

SO 

13 

31 


A detailed cover or frequency analysis of the vegetation was not made.^ Table i 
shows the presencCj relative abundance, and frequency index of species found, 
based on circular areas 25 yards in diameter around each trench. 

The stations were designated numerically, since they could not be differentiated 
individually by any one characteristic. While it would be desirable to classify the 
sixteen stations on the basis of vegetation, it was impractical and confusing since 
their fioristic composition was not sufhciently variable and other factors in the 
selection of a station were slighted unwarrantedly. 

Investigation 
General methods 

The sixteen stations were selected on the basis of relative abundance and type 
of herbaceous and woody ground cover, nature of soil, and topographical situa- 
tion. A cross-sectional sample of conditions within the forest was thus obtained. 

^ Dr. Charles E. Olmsted, under whom this study was completed, has been conducting an investi- 
gation of the environment of this forest for a period of 6 years. The data, when published, will provide 
a treatment of the fioristic composition. 
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Those station t)^es which occupied the larger areas were sampled several times to 
assure reasonably accurate measurement of their root distribution and develop- 
ment (figs. 1-4). 

The methods used at stations i-io were, with some variations, similar to those 
initially employed by Weaver (18) and those recently followed by Turner (16), 


Figs. 1-4.— General views of some station types. Fig. i, station 9; fig. 2,station i3;fig. 3, station4- 
fig. 4, station 2. 


Billings (2), Lutz, Ely, and Little (10), and Coile (3). The rectangular 
trenches employed were 7!^ X 2I feet. The area charted was 6 feet long horizon- 
tally, to the depth of the trench vertically, and on the wall nearest magnetic north. 
Stations 11-16 were sampled by a new method in which equal areas of all four 
walls of a square trench were charted. Such trenches were 4 feet square. The area 
charted on each wall was 3 feet long and to the depth of the trench (fig. 21). 
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After a station was chosen, either a rectangular or square trench was opened in a 
representative area suihciently removed from trunks of any large trees and to a 
depth in the C horizon averaging 3"-3| feet, where the roots were significantly few 
in number. Vertical walls were maintained and roots projecting into the trench 
were cut off. After the wall or walls to be charted had been cleaned, the horizontal 


Figs. 5-8.— Figs, 5-7, excavated specimens of dominant tree species: 5, Acer sacchamm; 6, Qmrcm 


alba; 7, Quercus borealis maxima. Fig. 8, soil sample box for root-volume determinations. 


boundaries of the profile were marked. Each area was ruled into square feet by 
horizontakand vertical strings. The horizons were charted on a scale of 3 inches 
to I foot. 

A heavy, square-foot wire frame, divided into 2 -inch squares by line wire, was 
used in charting all profile inclusions. This was placed successively on each square 
foot of the trench face, which was carefully worked over with a fine pointed in- 
strument to locate all root ends. Living, dead, woody, and herbaceous roots were 
then charted. Seven diameter size classes were recognized: o~~i, 1-2, 2-3, 3-4, 
4-5, 5~io, and > 10 mm. 
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some native species. Fig. 9, Smilacina racemosa; fig. 10, Arisaema Iri- 
flora; 12, Podophyllum pdfatum; fig. 13, Caulophyllum thalictroides 
-LLu^atorium purpureum, ^ 


and their burrows were recorded on the profile chart. The root systems of char- 
acteristic woody seedlings and herbaceous species, located either at or near the 
edge of a trench, were excavated and their relations to the surface horizons 
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noted. In other cases the soil was washed away from excavated blocks. The 
entire plants, or occasionally only their root systems, were photographed (figs. 

9-20). 

Root volumes were determined in the upper cubic foot of soil in different station 
types. For this purpose a soil-sample box was devised, permitting the subdivision 


Figs. 16-20.— Root systems of some native species. Fig. 16, Carex sp.; fig. 17, Sohuium dulcamara; 
fig. 18, Geranium maculatum; fig, 19, Parthenocissus quinquefolia; fig. 20, Acer sacckarum (1936 seedlings 
from open and closed canopies). 

of a sample into three successive sections, each 4 inches in depth. The box was 
constructed of ^V-mch rolled-sheet steel welded to give an inside volume of i cubic 
foot. The bottom edges were beveled to make a sharp cutting edge. The plate 
used to divide the total sample into three units, 4 inches deep, was driven, guided 
by two slightly raised lips, through two narrow slots on one side of the box. By 
successive driving and digging around the box, an accurate cubic-foot sample, 
with its roots, could be obtained (fig. 8). Roots i|-2 inches in diameter were 
easily cut in preliminary sampling. Root volumes were measured by displacement 
in water. 
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Statistical methods 

In measuring the degree of heterogeneity exhibited by the root distribution in 
the various station types, it was necessary to treat the data statistically. The 

standard deviation of means, that is, standard error (standard error N , 

where S is the symbol for summation, V is the individual observation, and N is the 
number of variants) was obtained for each wall of square trenches as well as for 
total root data of the four walls."^ Accordingly, the limits within which variations 
of the means occur because of uncontrollable conditions were defined. The stand- 
ard error of the difference (standard error of difference = (S.E.x)^ — (S.E.y)% 
where S.E.^ and S.E.y are the standard errors of the means of x and y, respectively, 
was determined when two walls of the same square trench were compared. The 


t test for significance was used accordingly {t — ? where D is the difference 

between means and S.E.g is the standard error of the difference). The value t was 
used to determine the probability (P) according to the table for P values as given 


by Fisher (s). Differences not significant at the 0.05 level were not considered 


statistically significant (14). 


Soil eactors 

The soil surface about station types with sparse ground cover (stations i, 2, 3, 
14, and 16) showed varying degrees of erosion, evidenced by the partial exposure 
of tree roots 2-3 inches in diameter and the occasional appearance of the A2 and Bi 
horizons. Judged by its typical grayish yellow color, the A2 horizon was absent in 
portions of the profile sections in stations 7 and 9. In stations 4, 5, and ii, with 
ground cover predominately of sedge, all horizons were characterized by greater 
sandiness than at other stations. 

In all profiles, the B2 horizons (of heavy, reddish brown sandy clay) possessed 
the greatest depth and compactness. It typically showed many roots penetrating 
along the sutures formed by the irregular nut structure. The smallest roots (o.i™ 
i.o mm.) frequently were found penetrating the smaller soil blocks in the upper 
portions of the horizon, while this condition was relatively rare in the lower, more 
compact soil with larger blocks. Resistance to root penetration was evident from 
the flattened form of the smaller roots (<2 mm.), when following the suture lines. 
Internal drainage is greatest along the sutures of the nut structure. It appeared 
comparatively favorable except in stations i, 2, 3, 14, and 16, where greater 


2 Square trenches readily permit application of statistical methods. Accordingly, statistical treat- 
ment was confined to comparisons of variability in root numbers among station types sampled by such 
trenches and among their four walls (table 7). 
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Fig. 21. — Root distribution and other horizonal inclusions in S.W., N,W., S.E., and N.E. profile walls of station 12; 1939 
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plasticity of the with marked increase in the clay content, interferes with per- 
colation. Conversely, conditions for greatest drainage were found in stations 4, 5, 
and II, with distinctly sandier profiles. 

The surface soil of all stations exhibited numerous earthworm (Lumbriciis spp.) 
middens (6) of variable diameter and height. Typically they were 4-5 inches wide 
and i-i| inches high. Cross-sections of some of the middens and accompanying 
burrows have shown leaf blades and petioles, in various stages of decomposition, 
to a depth of 6-8 inches. Burrows of smaller earthworms were also found. The 
larger burrows were lined with a film of dark organic soil which originated from 
worm castings; the burrows of the smaller earthworms had no visible organic soil 
lining. Apparently lining of burrows is accomplished over several years of active 
use. Middens play an important part in giving the surface soil an irregular local 
topography. Their black, highly organic soil withstands erosion very effectively. 
Some of the height of those located on slopes was developed by erosion about 
them. 

Earthworms are the most conspicuous group of animals appearing in the profile 
sections. Greatest activity was manifest in the horizon, where they are largely 
responsible for the soiTs porous nature. Numerous castings studded the middens 
proper and the soil surface at some distance from them. Burrows were found also 
throughout midden-less areas. The worms apparently play as important a role in 
mixing and aerating the surface horizons (Ai and A2) as they do in breaking down 
the leaf litter. In the latter case it is known that earthworms do eat leaf materials 
(4), yet their over-all effect upon breakdown of leaf litter probably centers about 
creation of a more favorable environment for bacteria and fungi through move- 
ment of leaves into the burrows. 

In all profiles, regardless of the resistant nature of the B horizons, earthworms 
and their burrows were found in the C horizon at depths of 3-3 1 feet, and in 
deeper trenches at 5 feet. The burrows were fairly perpendicular, with deviations 
largely where rocks blocked the path. No differences in depth of penetration were 
found in the profiles investigated. 

The periodical cicada, Magicicada septendecim (15), was also conspicuous. The 
stage initially encountered in 1938 was the fifth instar or last stage prior to the 
adult. The former emerged during the spring of 1939. The varied nymph and 
pupal stages (i, 12) of the insect had penetrated the profile to depths of 3-3I feet. 
In 1938 some nymphs were found in pockets which, approximating |-inch in 
diameter and f-i inch in height, just housed them. More typically this chamber 
extended upward several inches, a nymph lying at the bottom. In the latter cases 
the nymphs apparently had started their upward movement through the soil, but 
such burrows ended abruptly in either the B^ or Cx horizon. They were never 
found in the upper horizons (Ax, A2, or Bi). 
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Burrows, formed by nymphs in the previous generation, had apparently been 
filled.*^ The trenches opened in 1939 revealed the burrows resulting from emer- 
gence of the nymphs. Mounds, built by the nymphs over the mouths of their bur- 
rows, were composed of B horizon soil, had an average basal diameter of i inch and 
a height of inches, with walls xVA inch thick. They typically were con- 

fined to wooded areas where organic forest debris was abundant on the surface 
soil. In open areas outside the forest such mounds were rare. 

Open cicada burrows, extending almost perpendicularly from their surface 
openings to varying depths, were common in all profiles investigated in 1939 and 
1940. On 30-meter quadrats sampled at random, an average of fourteen cicada 
mounds per square meter was found. 

In the A2, Bi, and B2 horizons of all profiles occurred varying-sized pockets of 
Ai soil, from the filling-in of old root holes after root decay. Similar smaller pockets 
were apparently the result of earthworm activity, particularly in the A2. The cast- 
ings were conclusive evidence in differentiating these latter pockets from filled-in 
root holes, which also often contained fragmentary and undecomposed portions of 
roots. Some Ai soil probably washes into earthworm burrows. Small herbaceous 
and woody roots often were found where, as a result of the union of several 
adjacent burrows, pockets of dark soil were developed with diameters of | inch or 
more. This was also true in root holes which had been filled to the lower levels of 
the B2 horizon. The concentration of roots in such pockets frequently approached, 
and occasionally equaled, that typical of the Ai horizon. The roots in such pockets 
did not have the flattened form typical in the Bg. Some pockets of apparently Ai 
soil in the B horizons, approximating | inch in diameter, were probably the filled- 
in burrows of the cicada nymphs which emerged in 1922. Still larger pockets (6-8 
inches in diameter) probably were filled-in burrows of rodents. 

Root data 

The basic data on root distribution (table 2) indicate the total number of live 
roots in the horizons of each station. The seven size classes recognized are dif- 
ferentiated into two groups, < i mm. and > i mm. The number of roots per 
square foot of horizon surface was greatest in horizons A and B, the former al- 
ways with a much larger number than the latter. The number of roots per square 
foot of C horizon was low in all cases. The apparent relative suitability of horizons 
Ai, A2, Bx, Ba, and Ci for root development, as measured by numbers, decreased— 
with a few exceptions — in passing downward. With the exception of stations 5, 7, 
and 15, the greatest total decrease in root numbers per square foot of horizon sur- 
face occurred in passing from the Ai to the A2, although the latter was encountered 

3 Mr. William P. Longland, superintendent of Wychwood, stated that cicada nymphs had emerged 
in exceedingly large numbers in 1922. He judged the numbers in 1939 to be equally as great. 
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at the relatively slight average depth of 4 inches. These three stations showed 
marked exception to the typical root distribution. 

TABLE 2 


NUMBER OF LIVE ROOTS PER PROFILE HORIZON 


Horizon 

Total 

NO. OF 

ROOTS 

No. OF ROOTS 
PER SQUARE 

FOOT OF 

ROCK- FREE 

AREA 

Total 

NO. OF 

ROOTS 

No. OF ROOTS 

PER SQUARE 

FOOT OF 

ROCK- FREE 

AREA 

Total 

NO. OF 

ROOTS 

No. OF ROfiTS , 

PER SQU\RK 

F<toT OF ! 

ROCK- FREE 

ARL\ 

'ICta l 

Sfi. OF 

ROOTS 

No. OF Rt)f>T.S 
PER SQr\KK 

laarr of 

R<iCK~C'Hr.E 

arJ':a 

<I 

mm:. 

>i 

MM. 

<I 

MM. 

>i 

MM, 

<l i 

MM'. ' 

i 

>i j 

M M . j 

1 

<. 1 
M M . ■ 

>,r 

M M . 


Station 


Station 2 

1 

Station 3 . i 

Station 4 

A: 

460 

1 16 

31 

591 

450 

23 

1067 

423 

.55 , 

2072 

1028 ' 

41 

As 

230 

33 

14 

273 

87 

20 

311 

1 66 : 

2'2 1 

6H4 

2iH 

■25 



SO 

12 

3 

1 1 1 

46 

11 

523 

01 ^ 

Cl 

453 

89 

9 

B. 

99 

8 

2 

380 

27 

4 

137 

46 

5 

364 

fK) 

6 

Cx 

14 

5 


13 

7 

2 

166 

,33 ■ 

I 

403 

55 

6 


Station 


Station 6 

Station 


Sta,tion 8 

Ax 

1857 

1289 

6 

2487 

657 

30 

1185 

526 

1 6 

:i 78'!, 

870 

21 

As 

1495 

740 

71 

436 

222 

ir 

451 

(140 

29 

797 

213 

II 

Bx 

31S 

130 

14 

383 

138 

8 

785 

46:1 

23 

375 

172 

. 13 

B,, 

965 

68 

6 

644 

116 

7 

1537 

157 

9 

772 

66 

6 

Cx 

II 

9 

2 

270 

70 

I 

18 

68 


65 

32 

3 


Station 

9 

Station 10 

Station 

z 

Station 1.2 

Ax 

1912 

680 

31 

1873 

868 

22 

3541 

891 

31 

3807 

1 

i 1094 

24 

A-2 

256 

381 

29 

1060 

353 

21 

226S 

371 

22 

2510 

[ 464 

28 

Bx 

40s 

195 

II 

379 

225 

18 

862 

2:16 

10 

927 

j 2,.‘>2 

,12 

B3. . 

1070 

98 

7 

1074 

93 

7 

3021 

133 

8 

3CO0 

; 136 

8 

Cx, ......... 

180 

107 

8 

181 

91 

3 

431 

57 

4 

220 

1 ^>5 



Station 

13 

Station 14 

Station 

ES 

Station 16 

Ax 

4656 

820 

SO 

2043 

354 

28 

J 595 

354 

1 

41 

i6f»6 

453 

1 

57 

A3.". . 

1763 

321 

26 

1281 

207 

IS 

1081 

378 

S 3 

1004 

129 

i 18 

Bx 

721 

21 1 

II 

438 

177 

11 

362 

, ':i6i 

17 

4 i() 

1 14 

16 

B3 

1707 

113 

10 

169s 

87 

9 

1443 

, S 9 

7 

852 

55 

13 

Cl 

45*5 

, ,'42 

s '■ 

410 

49 

4 

206 

37 

4 

314 

1 . '22 

i 

7 


* Data for stations i~io based on one wall 6 feet long; for stations i i-i 6, on four walls totaling 12 feet long. 


A concentration of the smallest roots, o.i-i.o mm. in diameter, was found in the 
Ax horizon (table 2), indicating the location of much of the root water-absorbing 
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surface. This size class, per unit area, decreased markedly in the lower horizons. 
Contrary to possible expectations, the larger roots (> i mm.) showed no increase 
in numbers per unit horizon surface below the A. Further, within the A horizon 
only stations 5,7, and 15 showed such an increase in the A2 as compared with the 

TABLE 3 


ROOT NUMBERS AND PERCENTAGE ROOT AREA PER SQUARE FOOT OF 
ROCK-FREE HORIZON SURFACE* 


Station 

Root itnit 

Horizon 

A. 

A. 

Br 


Cr 

I 

No 

147 

47 

15 

10 

5 


Area 

1. 913 

0.341 

0.025 

0.029 

0.001 

2 

No 

473 

107 

57 

31 

9 


Area 

0.535 

0-365 

0.399 

0.122 

0.052 

3 

No 

478 

188 

106 

51 

34 


Area 

1 .291 

0.217 

0. 119 

0.012 

0.004 

4 

No 

1069 

243 

98 

75 

61 


Area 

0.676 

0.276 

0.162 

0.025 

0.096 

5 

No 

1295 

811 

144 

74 

II 


Area 

0.441 

1-459 

0.243 

0.031 

0.006 

6 

No 

687 

233 

146 

123 

71 


Area 

1.817 

O.IS 7 

0.321 

0.248 

0.017 

7 

No 

542 

678 

484 

166 

68 


Area 

0.275 

0.407 

0.584 

1.023 

0.001 

8 

No 

891 

224 

185 

72 

35 


Area 

0 . 360 

0.204 

1.363 

0 . 581 

0.015 

9 

No 

711 

410 

205 

105 

115 


Area 

0.813 

0.138 

1 . 360 

0.447 

0.108 

10 

No 

890 

374 

243 

100 

94 


Area 

0.987 

0.423 

0.217 

2.115 

0.031 

II 

No 

922 

293 

226 

141 

61 


Area 

0.723 

o.SSS 1 

0.195 

0 . 121 

0.064 

12 

No 

1118 

492 

264 

144 

72 


Area 

0.758 

1.078 

0.301 

0.099 

0.075 

13 

No 

870 

347 

222 

123 

47 


Area 

2.116 

0.642 

0.180 

0.176 

O.III 

14 

No 

582 

272 

188 

96 

53 


Area 

0.948 

0.391 

0.218 

0.093 

0 . 064 

15 

No 

395 

431 

178 

66 

41 


Area 

0.416 

I- 4 S 9 

0.309 

0.093 

0.025 

16 

No 

5 10 

147 

130 

68 

29 


Area 

0.647 

0.221 

0.259 

0 . 240 

0.257 


*** Here and in subsequent tables, profile data for stations i-io based on one wall 6 feet long; for 
stations I i-i6, on four walls totaling 12 feet long. 


Ai. Greatest numbers of dead roots were found in the lower horizons. The smaller 
roots ( < s mm.) were found dead more frequently. 

From the root distribution recorded on the charts in the field, the number of 
living roots and the percentage cross-sectional area occupied by them were cal- 
culated on three different bases for each station. These were (a) root numbers and 
percentage area per square foot of rock-free horizon surface (table 3); ( 5 ) root 
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numbers and percentage area per square foot of rock-free vertical profile sections 
occupying o-i, 1-2, 2-3 foot depths (table 4); and (r) root numbers and per- 
centage area per square foot of vertical profile sections 3 feet in depth (table 4) . 
Root areas were obtained by use of the seven diameter size classes. Roots o.i-i.o 

TABLE 4 

Root numbers and percentage root area per square foot of ruck-free 

VERTICAL PROFILE SECTIONS o-l, i-2, 2-3, AND 0™3 FEET DEEP 


Station 


Depth 

(feet) 

Root 

NO, 

Root area 
(%) 

Station 

[ 

96 

1 . 1 91 


J I-“2 

15 

0.047 


1 2-3 

10 

0.029 

V 

U-3 

41 

0.422 


f o-i 

163 

0.438 


J 

41 

0.139 


1 2-3 

23 

0.065 



76 

0.214 


f 0-1 

275 

0 . 606 


'"2 

()0 

0.030 


2-"3 

25 

0.003 


lo~3 

120 

0.214 


fo-i 

477 

0.386 


’^“2 

88 

0.097 


2"3 

82 

0.094 


... 

216 

0.192 


0“^ 

607 

0.865 


j 

99 

0.032 



48 

0.028 

13 

U-3 

251 

0.308 


°-t 

501 

0-359 


) 1-2 

135 

0.067 


12-3 

84 

0.005 

14 

U-3 

240 

0.143 


o-i 

486 

0.305 


1-2...... 

143 

0 . 064 

- 

12-3 

55 

0.012 

!:> 

10-3 

228 

0. 127 


f o- i 

467 

0.2x3 




113 

0 . 208 

16 

12-3 

48 

0,024 


10-3 

210 

0.148 



Depth 

(feet) 


Root 

NO. 


444 

105 

79 

209 

525 

130 

1,23 

259 

528 

n9 

268 

60s 

174 

95 

573 

137 

65 

25S 

330 

9S 

55 

161 

284 
62 
40 
1 29 

233 

76 

34 

1M4 


' Hoot aeea 

I (U; 


,361 
■059 
■035 

,,152 

■ 255 

199 
, 178 
0.211 
0.547 
O.IS7 

o. 04 
0.273 
o . 767 
o. 167 
o . 084 

0.339 

1 . 249 
0.11:3 

O. 101 

0.488 
o . 501. 
0.238 

O . 1 1. 2 

0.284 

0.572 

o.oSi 

0.041 

0.231 

0.307 

0.213 

0.342 

0.287 


mm. were assigned diameters of 0.75 mm. Exact diameters of roots > 10 mm. 
were obtained in the field. Accepted diameters of the five remaining size classes 
were the midpoints of their ranges. 

Based on root numbers and percentage root area per square foot, the suitability 
for root growth of the specific horizons Aj, Aj, Bj, Bj, and Cj was variable. Twelve 
stations showed both greater root numbers and higher percentage root area in the 
Ai than in the A^. Of the other stations, only two — stations 7 and 1 5 — showed both 
greater root numbers and area in the Aa than in the Aj. The latter stations were 
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selected because a dense and homogeneous layer of Parthenocissus quinquefolia 
dominated the ground cover of both areas. The roots of this species are found 
almost exclusively in the upper portions of the horizon. In station 5 there was a 
higher percentage of root area in the A2 horizon but not a greater number of roots. 
Here the difference coincided with the association of a large number of small 
shrubs with comparatively homogeneous patches of sedge. In no station did the 
Bi horizon show both greater root numbers and percentage root area than did the 
A2. This was true successively in the B2 and Ci, where the influence of large roots 
upon the calculated area gave higher values that were not significant. In terms of 
both root area and numbers, however, the B2 and Cx horizons exhibited the least 
suitability for root development and showed less variation from the one to the 
other than did the upper horizons. These general statements, with the few excep- 
tions, hold true regardless of the peculiarities of the different stations. 

The greater total and percentage decreases of both root number and area, in 
profile sections o-'i, 1-2, and 2-3 feet in depth (table 4), occurred in passing into 
the second foot. The decrease was less from the second to the third foot. Station 8 
decreased more in area in passing from the second to the third foot but showed 
typical decreases in root numbers with increased depth. The greatest root area in 
station 16 occurred in the third-foot section. These two stations, however, showed 
greater total and percentage decrease of root numbers from the first to the second 
foot level. Generally, the larger the root numbers and total area in the top sec- 
tions, the greater the percentage decrease at the second foot level. Root frequency 
definitely decreases with increased depth. 

Profile areas 3 feet in depth (table 4) at stations i, 2, 3, 14, and 16, selected be- 
cause of dearth of ground cover, were characterized by comparatively large per- 
centage root areas and small root numbers, that is, few but large roots. Stations 
4-13 and 15, with abundant ground cover of varied floristic composition, were 
characterized by large root numbers and small average root areas (table 2). Sta- 
tion IS, an exception to this general condition, had an average area per root ap- 
proximately equal to that of station 14, which possessed the smallest average area 
per root of the five ^^bare’’ stations. This can be explained in part by the associa- 
tion of a number of woody species (table i) with the society of Parthenocissus 
sampled at the former station, influencing the number of roots > i mm. 

The number of earthworm burrows per square foot of profile areas indicated 
great activity in all station types. Such burrows occurred less frequently in sta- 
tions where patches of sedge were associated with sandier silt loam soils. The 
greatest number of cicada pupae and burrows were found where red oaks were 
dominant in the canopy, but the nymphs and their burrows were found in all the 
trenches (table 6) . Such burrows afforded significant drainage during rains heavy 
enough to yield run-off. 
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The total volume of roots in an upper cubic foot of soil was variable throughout 
the station types (table 5). Areas with sparse ground cover yielded root volumes 
equal to those of areas with abundant ground cover. In samples %'hich contained 
no roots > I inch in diameter, root volume decreased successively in the 0-4, 4-8, 


TABLE ,S 


Volume of roots in one cubic-foot soil bi.ocks 

SUBDIVIDED INTO 4X12X12 INCH SECTIONS 


Sample 


Ground cover 

TVPE 


Depth of soil 

BLOCK SECTION 

(inches) 


J’KKCENTAr.K 


Per soi l is lock 

SECTION 

(4X12X12 

INCH) 


Mixed mesic 
spp. 

Mixed mesic 
spp. 

Bare 


I 0-4. . 

I 4-8. . 

[0-4. . 

4 - 8 . . 
[8-12. 

0-4.. 

4-8.. 

8-12. 


0.4S1 
o. 167 
0.136 
O , 65c) 
0.628 
0,073 
0.963 
4.272 
1.256 


4 

5 

6 


Bare 

C. pennsyl- 
vanica so- 
ciety 

C. pennsyl- 
vanica so- 
ciety 


0-4. 

4 - 8 . 

[ 8-12 

fo-4. 

4“S. 

[8-12 

(0-4. 

4 - 8 . 

I 8-12 


0. 235 
1 . 361 
0.010 
1.717 

1 . S4<) 

0.178 
2 , 795 
4-550 
0.136 


7 


Lonicera dioi- 
ca society 


1 ,.413 
0.157 
0.020 


8 

9 

10 


Lonicera dioi- 
ca society 

Farthenocis- 
sus sp. so- 
ciety 

Parthenocis- 
sus sp. so- 
ciety 


0-4. 

4 “ 8 . 

8-12 

0-4. 

4 - 8 . 

8-12 

0-4. 

4-8. 

8-12 


1.895 

0.471: 

0.073 

0.701 

x.i5:i: 
o . 1 1 5 
1 . 266 
0.104 
0.083 


ROGT VOLUME 


Is TfO \L 
cCJJir I'ooT 


o. 261 


0 . 453 
2 . 164 


0..535 


1 . 148 


2„494 


o ■ 530 
0.8,13 
0,656 
o . 484 


and 8-12 incii levels. When the sample contained larger roots, the volume fre- 
quently was largest in the 4-8 inch level ; but the 8-1 2 inch section never surpassed 
the 4-8 inch level. In all samples the 0-8 inch section contained 80 per cent or 
more of the total root volume. 

The root systems of typical herbaceous and woody seedlings predominately 
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were confined to the upper 6 inches of the profile (figs. 9-20). Exceptions occurred 
in areas where openings in the canopy have existed for several years. There most 
root systems extended to depths of 12-18 inches. 

The root systems of the selected specimens of the three dominant species of the 
forest — sugar maple, red oak, and white oak — were investigated in 1940 (figs. 5-7). 
The white oak, 223 years old, 23 inches in diameter at a height of 2 feet, was wind- 

TABLE 6 


Comparative station type data 



Physiography 

Depth to 
C l HORI- 
ZON 

(inches) 


No. OF species 
WITH 50“ 100% 
FREQUENCY INDEX 

Earth- 

Cicada 

Sta- 

tion 

Character 

OF topog- 
raphy 

Eleva- 

tion 

(feet) 

Important species of 

GROUND vegetation 

Herba- 

ceous 

ill 

species 

record- 

ed) 

Woody 

(10 

SPECIES 

record- 

ed) 

WORM 

BURROWS 

PER 

SQUARE 

FOOT 

BURROW'S 

PER 

TOTAL 

PROFILE 

I . . , 

Southeast 
slope, 2.5® 

961 

36-42 

Mesic woodland herbs 
and shrubs (rare) 

4 

5 

14 

3 

5 - • ■ 

South slope, 

4.5® 

1019 

36-43 

Carex pennsylvanica 
(abundant) 

6 

8 

8 

3 

7. . . 

Southeast 
slope, 7.5® 

1017 

32-38 

Parthenocissus quin- 
quefolia (abundant) 

7 

7 

7 

6 

8 ... 

South slope, 

4.5'’ 

909 

36-40 

Mesic woodland herbs 
and shrubs (abun- 
dant) 

9 

6 

9 

3 

II . . . 

North slope, 
S-S'’ 

lOII 

29-36 

C. pennsylvanica 
(abundant) 

9 

8 

9 

15 

12. . . 

Northwest 
slope, 2.5® 

961 

33-40 

i Mesic woodland herbs 
and shrubs (abun- 
dant) 

Lonicera dioica (abun- 
dant) 

9 

8 

i 

17 

9 

13 - . • 

Northwest 
slope, 13® 

1009 

25-30 

7 

10 

12 

10 

14. . . 

Northeast 
slope, 4,5® 

998 

28-33 

Mesic woodland herbs 
and shrubs (rare) 

7 

7 

1 . 9 

■ 10 

■ 

15. ... 

South slope, 
2.5® 

972 

29-35 

P. quinquefolia 
(abundant) 

10 

I 

10 

21 

4 , 4 

16. . . 

Southeast 
slope, 7® 

951 

30“35 

! 

: Mesic woodland herbs 
and shrubs (rare) 

8 

9 

14 

4 


broken in 1938. Its root system was the most massive of the three species. Typi- 
cally deep rooted, it proportionately contributed a smaller amount of root area in 
the upper Ax, A2, and Bi than did the specimens of red oak and sugar maple stud- 
ied. The red oak partially excavated was 97 years old, 22 inches in diameter at a 
height of 2 feet, and was also wind-broken in 1938. Its root system was less massive 
than that of the white oak but contributed heavily in both large and small roots to 
the upper three horizons. No large sugar maple was available for excavation, but 
a smaller specimen, wind-broken in 1940, was investigated. It consisted of two 
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sprouts, each 15 years old, and had a diameter of 4 and 3I inches, respectively, at a 
height of 2 feet. The most marked character of the root system was the mass of 
smaller roots (< | inch in diameter) which ramified throughout the upper three 
horizons (fig. 5). The relative number of deep anchorage roots was as great as in 
the red and white oaks. The response of maple seedlings to the effects of increased 
insolation following tree wind-fall or wind-break and subsequent canopy opening 
was also of interest (fig. 20). 

Discussion 

The significance of some of the findings has been treated in sections on soil fac- 
tors and root data. On the whole, the results are in accord with those of previous 
investigators. Coile (3) examined four profiles in an uneven-aged stand of 
white oak-black oak-red oak on Georgeville stony clay in the Duke }''orest. North 
Carolina. Koesxian and Coile (9), in reporting the same study, state: “The 
most striking features are the relatively large number of small roots in the upper 
few inches of soil and the paucity of roots of the two smallest size classes (< o.i 
and O.I I to 0.30 inch) in the B and C horizons.” While this condition is also true 
at Wychwood for comparable size classes (table 2), the present profiles, regardless 
of type of trench employed, showed greater numbers of roots in all horizons than 
were encountered by Coile. The only profiles comparable with his in number of 
roots per horizonal square foot were those here investigated because of scarcity of 
herbaceous and woody ground cover (stations i, 2, 3, 14, and 16). The differences 
in root numbers probably are due to the regional locations of the respective stands 
and to differences in soil types and amount of herbaceous ground cover. 

The soil type at Wychwood, Bellefontaine silt loam, obviously is capable of 
allowing the development of comparatively large numbers of roots, particularly in 
the Ai and horizons. In the Bj horizon the roots were found to penetrate the 
soil in comparatively large numbers, not only along the sutures of the characteris- 
tic nut structure, but also — though less frequently — through the nutlets. 

In accordance with earlier findings (16, 2, 10, 3, 13, and others), this study has 
shown a differential suitability for root development in the different horizons. The 
greater number and percentage cross-sectional root area per square foot in the A, 
horizon was expected, for it is here that oxygen, water, and nutrient supplies are 
usually most favorable. The exception in stations 7 and 15, in which the A^ sur- 
passes the Ai in numbers and root area, indicates that regardless of the potential 
suitability of a horizon for root development, the actual root distribution is condi- 
tioned by the type of root system of the dominant or subdominant species in the 
area. Further, root systems of such ground cover species as Parthenocissus quin- 
quqfolm will distort the results in any study where an attempt is made to measure 
only tree roots, unless great care is taken to identify each woody root encoun- 
tered, particularly smaller ones. Especially is this true in deciduous forests, where 
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herb and shrub ground cover makes it almost impossible to obtain an accurate 
measure of tree roots only. 

The concentration of root numbers and cross-sectional root area in the upper 
foot of the profiles suggests that aeration is possibly of significance. This point 
was further emphasized by the low number of smaller roots in lower levels of the 
profiles. Correspondingly there were more dead roots in the lower depths. While 
such findings point to lack of aeration as a limiting factor for root development 
with increased depth, it is probably not the only factor involved. This view is 
substantiated in areas where the canopy has been opened through wind-break or 
wind-fall, where tree seedling and herbaceous root development is greater at all 
levels of the profile. Thus it is debatable whether the greater development of 
roots in the upper part of the soil is a response to more favorable aeration, mois- 
ture, or temperature conditions. These factors, as well as a more abundant supply 
of available nutrients and inherent tendencies of native species when grown 
under low light intensity, probably are interrelated in influencing the greater root 
development in the upper soil section. 

Areas comparatively free of ground vegetation — for example, stations i, 2, 3, 
14, and 16 — had fewer roots although they possessed a higher average cross-sec- 
tional area per root than did those stations with abundant ground cover, regard- 
less of type. The findings in the former stations thus primarily indicate the root 
condition of the trees which make up the canopy. On the other hand, root num- 
bers recorded for profiles of ^Tare’’ stations are in themselves comparatively large. 
An area with abundant ground cover was found (station 15) whose root numbers 
and area equaled that of a “bare’’ area. This suggests that the relative proportion 
of woody to herbaceous roots fluctuates throughout the forest. It is possible that 
the woody roots in bare areas may draw heavily upon the supplies of the soil 
environment and thereby limit the establishment of herbaceous species. Unpub- 
lished results of trenched quadrat studies, however, suggest that such root com- 
petition is not critical. 

When stations i-io were sampled during the summer of 1938 by rectangular 
trenches, it seemed that the selected wall was not always typical of the root dis- 
tribution on the four walls. This was particularly true in areas with abundant 
ground cover where several herbaceous or woody plants appeared near one or 
more of the walls. Because of this visible local heterogeneity in root distribution, 
it was decided to test the usefulness of square trenches — in which equal areas on 
all four walls are charted. Such sampling should diminish the influence of root 
systems which, with predominating numbers, approach the trench from one direc- 
tion. Further, since the problem of sampling root distribution is basically statisti- 
cal, the method should yield a more accurate measure of the distribution with 
respect to all directions, especially where undue directional effects are evident. 
In the square trenches the root data from the four walls may be totaled. 
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In table 7, the two walls of each trench varying the most with respect to the 
horizon are compared statistically as to root numbers. Results much more sig- 
nificant were obtained when horizon extremes of each trench were compared. 
However, since only one wall would have been selected in using a rectangular 
trench, the comparisons are on a wall-for-wall basis. 

The probability of occurrence for differences between two walls of the same 
trench ranged from i chance in 100 (very significant) to i chance in 2 (no sig- 
nificance). In station 12, located on a 2.5° slope, the two walls showed significant 
differences in the upper four horizons. Stations ii, 13, 14, 15, and 16 had walls 


TABLE 7 

t TEST OK ROOT NUMBER MEAN DIFFERENCES BETWEEN WAI.l.S Oi' SIJCAKlv TRENCHES 


Sta- 

tion 

Walls 

Horizon 

D/S.E.35 

Valve 

OR t 

Sta- 

tion 

Wall.s 

HftKlZON 

, r>,s.K,„ 

Valve 

OF t 




' Ai 

517/157 

136/42 

45/36 

S/l2 

24/8 

564/93 

337/85 

122/1S 

85/15 

24/11 

388/124 

144/42 

6/9 

36/15 

8/6 

3.292* 

3.238* 

1.250 

0.416 

3.000* 

6.064! 

3-964* 

8 -i 33 t 

5 . 666* 




^ Ax 

' ::oo,'6f) 
44/13 
(J 4 '-'36 

J 3/5 

8/6 

3 .028* 

3 * 3S4* 

1.777 

2 . 600 


N.W. vs. 

N.E. : 

1 


i \, 




1 Aa 

II 


Bi 

14 

E. vs. W.! 


! Bi 






' B. 








1 Ct 

1-333 

2 . 800* 



1 

r Ai 



i j 

r Ai 

1 2 (i/ 4 S 

166/ioq 
84 /)8' 

3 /4 



i 

A, : 



1 

1 A-a ’ 

IA 9 S 

3 . 000* 

12 

S.E. vs. 
N.E. 

-1 


15 

E. vs. S. 


' Bx 





Ba 1 

1 

j 

i B,......' 

I Cx 

0.750 

o .'727 

3.583* 

1. 413 

1 . 484 

1 . 076 

2 . 500 




c* 

2 . 181 




8/ 1 1 




f Ax 

3.129* 

3.427* 

0.666 




i' Ax ’ 

1 2.,;o/67 I 
41/20 : 

S9'33 

14/13 

10/4 


N.W. vs. 
S.E. 


A 2 

16 


j ' 

j A, 

^3 


Bx 

S.E. vs. 
N.W. 


'Bi ...... 



B 2 

2 .400 

1.333 



Ba, .. 




Cl 




i Cj . . . . . . 










* Significant at s% level, 
t Significant at 1% level. 


whose horizonal differences in root numbers were significant in i to 3 of the total 
five horizons. Two rectangular trenches were tested similarly. Here each initial 
6-foot section was divided into two sections 3 feet in length to afford a statistical 
basis for application of the t test. In each of these stations the two sections differed 
significantly only in the horizon. In these cases either the writer w'as fortunate 
in selecting walls which showed little variation or it is to be expected normally 
that, owing to directional effects, one wall will show less variability than that 
between any two walls of the same trench. It is possible that the remaining three 
walls of these rectangular trenches would have shown significant differences from 
the selected 6-foot walls. 

The results from the two types of trenches have been reported together, but the 
square trenches were assigned more weight. Root numbers obtained from rec- 
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tangular trenches in bare areas were comparatively lower than those obtained 
from square trenches in similar areas. Numbers secured from the former trenches 
were probably not an accurate sample of the true root distribution. The same is 
true to varying degrees of other station types investigated by the two types of 
trenches; for example, station 7 vs. station 15, station 5 vs. station ii, etc. The 
results from square trenches were obviously most accurate when listed as a total 
of the four walls, yielding a sample 12 feet in length compared with 6 feet for the 
rectangular trench. 

The use of square trenches affords a basis for statistical comparison of root 
numbers obtained in different station types within the same plant community. ^ 
Observation of the basic differences of root distribution within a community on 
one soil type speeds the determination of the significant relationships of the same 
community on several soil types. The comparison may be focused on horizons, 
profile sections, or total profiles. Analysis of horizonal differences in root numbers 
between the different station types was carried out for stations 11-16. 

Significant horizonal differences were obtained for stations ii, 12, and 13, with 
good ground cover, as opposed to stations 14 and 16, with sparse cover. Further, 
there were no horizonal differences in root numbers among stations 1 1, 12, and 13, 
or among stations 14 and 16, except in the Ci horizon in the latter stations.^ Such 
local differences might be expected considering the heterogeneous distribution of 
the dominant tree species, with their differing types of root systems. On the other 
hand, station 15, with a dense society of P. quinquefoUa as ground cover, differed 
in the same direction from stations ii, 12, and 13 as did bare stations 14 and 16. 
However, the A2 horizon of station 1 5 significantly surpassed the A2 of the two 
bare stations in root numbers and was equivalent in numbers to the others with 
abundant cover. If one assigns to the Ai and Aa horizons more importance than to 
the others, station 15 must be segregated as possessing a distinct type of root dis- 
tribution. This is in accord with the distribution in the Aj and of this station, 
which is conditioned by the type of root system of the dominant ground cover 
species and not by the apparent relative suitability of the respective horizons. 

The root-volume results give further evidence of the heterogeneity of root dis- 
tribution in the deciduous forest. They indicate that the upper 8 inches of the 
soil contain the largest volume of roots. Samples were not taken below the first 
foot, but it seems unlikely that greater volumes would be found at lower levels — 
unless exceptionally large tree roots were encountered. The amounts are approxi- 
mately equal to those found by Weaver and Harmon (19) in the prairie. 

f A standard error can be obtained for each trench, since each wall, by subdivision into i-foot sections, 
can yield a mean observation. ■ 

s in the t test, “difference” is intended to mean only significant differences (those at or above the 5 
per cent level in Fisher’s probability table). 
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Earthworms, in mixing and penetrating all horizons, are obviously of benefit to 
the aeration, fertility, and water relations of the profiles. Such activity warrants 
further investigation. Cicada activity within the soil, while most vigorous during 
emergence of the nymphs, is favorable in providing drainage channels and in 
effecting better aeration, particularly of the B2 horizon. Its effect is probably felt 
for a number of years in ungrazed forests. 

Summary 

1. The relationship of the Bellefontaine silt loam soil profile, with its inclusions, 
to the root development of the native species in the maple-oak forest at Wych- 
wood, Lake Geneva, Wisconsin, was studied during the summers of 1938-1940. 
Stations were selected to obtain a cross-section of the varying conditions in the 
forest. 

2. Sixteen station types were investigated by the trench method of root-dis- 
tribution sampling. In six of the station types a new, square method of trenching 
afforded more accurate measurement of the heterogeneous root distri!)ution than 
did the rectangular trenches most commonly employed. 

3. Root systems of herbaceous and woody seedlings in the various station types 
were excavated and their relation to the upper horizons noted. Large specimens 
of sugar maple, red oak, and white oak also were partially excavated. Root vol- 
umes were obtained from surface cubic-foot samples in each station type. Cicada 
and earthworm activity was observed. 

4. Greatest concentration of the smallest roots, o.i’-i.o mm. in diameter, was in 
the Ai horizon. Larger roots did not show an increase in numbers per unit horizon 
surface below the A horizons. Greater numbers of dead roots occurred in lower 
horizons. 

5. On root number and percentage root-area basis, horizons Ai, A^, and 

Cx generally showed successive decrease in suitability for root development. On 
the same basis there were marked decreases, with two exceptions, of root numbers 
and area with successive i-foot increases in depth to 3 feet. 

6. Areas with sparse ground cover showed low root numbers and comparatively 
high percentage root areas. Stations with more abundant ground cover were char- 
acterized by larger root numbers and smaller percentage root areas. 

7. Earthworm and cicada activities, particularly the former, were important 
factors in the soil environment. Such activities were more or less uniform through- 
out the woodland. 

8. In all cubic-foot root-volume samples, the 0-8 inch level contained 80 per 
cent or more of the total root volume present in the sample. When the sample 
lacked roots > | inch in diameter there were successive decreases in volume in 
passing into the o~4, 4-8, and 8-12 inch levels. 
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This study was carried out under the supervision of Dr. Charles E. Olmsted, 
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his interest and helpful suggestions. He is also indebted to Dr. Sewall Wright 
for advice on the statistical treatment of root data. 
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FLORAL INITIATION IN BILOXI SO\'BEAX AS 
INFLUENCED BY GRAFTING 

P. H. HEINZE/ M. W. PARKER,^ AND H. A BORTHWICK'^ 

(with THHKE FIGURIIS) 

Introduction 

There are wide differences among soybean varieties in ilw lengths of daily 
photoperiod under which they initiate flower primonlia. Idants of the I^iloxi vari- 
ety subjected to daily photoperiods of 14 or fewer hourb prodiu'c aliundant flower 
primordia within a few weeks, but on photoperiods of i6 or more hours they do 
not produce sufficient flower-forming stimulus to cause floral initiation until they 
are many months old. The plants of several other varieties regularly initiate 
flower primordia when only a few weeks old, even though the\' are subjected to 
continuous light from the time they emerge from the soil (2). Some of these va- 
rieties do not continue the development of their flower primordia under continu- 
ous light, but others produce normal flowers and fruits. Batorawka and Agate 
are examples of this latter type. 

Although these wide differences in photoperiodic response exist among certain 
varieties of soybeans, it seems probable that the basic mechanism causing floral 
initiation in the different varieties is fundamentally the same. Evidence support- 
ing this assumption has been obtained by grafting Batorawka or Agate soybeans 
to Biloxi. * 

Literature review 

Grafting has been employed as a means to study the rffiotoperiodic response of 
plants by Gajlaghjan (4), Moskov (ii, 12), Melchers (9), Mklc'HKrs and Lang 
(10), Kxjijper and Wiersum (7), Kuijper and Schuljrman (8), Hamner and 
Bonner (6), and others. A general review of most of these papers lias been made 
recently by Cholodny (5). A primary purpose in most of the studies has been, 
to demonstrate that a stimulus causing flowering in one plant may cross a graft 
union and induce flowering in the other. In some experiments the two plants con- 
cerned have been of the same variety; in others they have been of different va- 
rieties, species, or even genera. Several workers have sought to show further that 
the flower-inducing stimulus of the one kind of plant is identical to or closely 
similar to that in the other. All the investigators just cited consider flowering 
to be a result of hormonal actionb^ ^ ^ 
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Only two of the papers mentioned (7, 8) deal with the grafting of soybeans. In 
these, plants that had been grown continuously on long photoperiods and were 
apparently vegetative were grafted with others that had formed flower buds as a 
result of treatment with short photoperiods just prior to grafting. 

In the first paper (7) results are reported from twelve grafts. In six of these the 
scion was from the short-day plant and the stock from the long-day one; in the 
other six this arrangement was reversed. All the six long-day stocks produced 
visible flower buds or flowers, but only one long-day scion produced flower buds 
before the close of the experiment. No control grafts were included. The second 
paper (8) reports results obtained from thirty-eight successful grafts between 
plants grown on long and on short day, respectively, and from twenty controls in 
which stock and scion were both from plants grown on long photoperiod. Flower- 
bud formation on the long-day component of the grafted plants occurred in only 
five grafts, all of which were short-day scion on long-day stock. 

In both these papers two varieties — Ked. 29 from Buitenzorg and a yellow- 
seeded variety from Vilmorin — were used. All the twelve grafts in which the long- 
day component flowered were of the Vilmorin variety. In eleven of these twelve, 
the long-day component was the stock, while in the other one it was the scion. 
From this the investigators concluded that the stimulus moved downward more 
readily than upward across the graft union. The results of this research indicate 
that flowering of a soybean grown on long day may be somewhat accelerated by 
grafting to it a part of a plant that has been subjected to short photoperiods. 
The data do not show, however, that flower primordia were not present on the 
long-day stocks when the plants were grafted. 

Plants of all the yellow-seeded lots from Vilmorin have flowered earlier than 
varieties such as Mandell and Minsoy when tested at Arlington, Virginia. The 
various lots obtained from Buitenzorg, on the other hand, have been even later 
than Biloxi. The varieties Mandell and Minsoy have been found to initiate flower 
primordia under conditions of continuous light, but the flower buds develop very 
slowly on long photoperiod and seldom become visible (2). From this it seems 
probable that flower primordia were present on the Vilmorin plants used by 
Kxjijper, Wiersum, and Schuurman, and that the earlier flowering after grafting 
resulted from accelerated development of such pre-existing flower primordia. 
Failure of flowers to form on the plants of the Ked. 29 variety following grafting 
would indicate that primordia were not present on the long-day components 
previous to grafting and were probably not formed on them as a result of if. 

Material and methods 

Three varieties of soybeans {Soja max) and four varieties of garden beans 
(Phaseolus mlgaris) were used in these experiments. The soybean varieties were 
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Biloxi, Agate, and Batorawka. The garden bean varieties, all of which flower pro- 
fusely even on long photoperiods, were Red Kidney, Plentiful, Black Valentine, 
and Dwarf Horticulture. All grafts included a Biloxi component that received 
long photoperiods both before and after grafting. This component was used to 
determine whether or not a flower-inducing stimulus crossed the graft union and 



Fig. I. — Left: approach graft of Biloxi and Agate soybeans. Right: detailed view of graft union 
after removal of Parafilm. Photographed about 2I months after graft was made. Biloxi receptor initi- 
ated flower primordia soon after the grafting. A few of its flower buds finally opened but it developed 
no pods. Roots were removed from soil about 2 months before It was photographed. 

is referred to as the receptor, following the usage of Hamner and Bonner (6). 
In many of the grafts the receptor was combined with other soy or garden bean 
varieties, but in a few it was combined with another Biloxi plant that received 
short-day treatment either prior to or subsequent to grafting. 

All plants were grown in 4-inch pots in the greenhouse, and on photoperiods 
of 17 or more hours, depending on the season. The photoperiods consisted of 
natural light plus Mazda light of about 50 foot-candles from sundown until mid- 
night. 

Several methods of grafting were used, including approach grafting of stems. 
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splice grafting of petioles and of stems, and bud grafting. The youngest plants in 
any experiment were 19 days old when grafted, and in no experiment were grafts 
made with plants older than 43 days. Approach grafts of two stems were made by 
removing a thin section i-i| inches long from adjacent sides of two stems. These 
cut surfaces were immediately placed against each other and wrapped with a rub- 


Fig. 2. — Splice grafts of petioles and of stems. A, Agate leaf grafted to Biloxi receptor; graft union 
wrapped with Parafilm. B, detailed view of petiole-graft union. C, detailed view of stem-graft union 
(G). Photographed 6 weeks after grafting. 

berized paraffin tape known as Parafilm. The tape held the grafts firmly together 
but stretched easily as the stems increased in size (fig. i). 

In the petiole-grafting experiments, only one leaf was grafted to a single re- 
ceptor plant. This leaf was always a young one and was in about the same stage 
of development as the leaf removed from the receptor. The petioles of the leaves 
were usually 1-2 inches long and the leaflets were about half their usual mature 
size. Both leaves were severed by slanting cuts about f inch long made through 
the petiole, the lower end of the cut beginning on the under side of the petiole 
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near its base. The petioles were brought together along their cut surfaces and in 
most cases were bound with Parafilm (fig. 2 A, B). I'he cuts were always made 
with a wet razor, and the surfaces were kept moist until the grading operation 
was completed. In a few cases glass capillary tubing was use<i instead of the tape 
to hold the grafted parts in place. Immediately after the leaf was grafted, the 


Fig. 3. — Splice grafts of Biloxi soybean and Red Kidney garden bean stems. A, Red Kidney scion 
on Biloxi stock. B, Biloxi scion on Red Kidney stock (G, graft union). Photographed 6 weeks after 
grafting. 

plants were placed in a saturated atmosphere, where they were kept for 6 or 8 
days. They were then returned to normal greenhouse conditions. At all times the 
plants continued to receive long photoperiods. 

The plants used as stocks for the stem grafts had started to expand their second 
compound leaf at the time the grafts were made. Those from which the scions 
were taken varied in stage and type of development from one experiment to an- 
other. The scions, always 1^-2 inches long, included a partially expanded leaf 
and the terminal bud. The stems of the stocks were severed above the first com- 
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pound leaf. Slanting cuts were made through both stock and scion and the two 
surfaces brought together and securely wrapped with Parafilm (figs. 2C, 3). All 
stem grafts were given the same moist-chamber treatment as the leaf grafts. 

A few bud grafts were made by grafting a bud of one plant on to the node of 
another plant where a bud had been removed. Enough extra tissue above and 
below the grafted bud was retained to permit wrapping without covering the 
bud. The top of the plant was removed in order to force the grafted bud. The 
plants bearing the bud grafts were placed in the moist chamber for 10 days, then 
removed to the greenhouse bench. 

The presence or absence of flower primordia in buds of the receptors was de- 
termined in all the experiments by dissection 2-3 weeks after grafting. 

Results 

Grafts of several varieties of Soja max to Biloxi variety 

Approach grafts. — In the spring of 1941, two preliminary experiments were 
conducted involving approach grafts of Agate to Biloxi soybeans. In experiment I, 
forty-five grafts were made; and 18 days after grafting, flower primordia were 
present on eleven of the receptors. In the second experiment, forty more approach 
grafts of the same varieties were made, and of these, nine receptors formed flower 
primordia in the terminal bud. The leaves were then removed from the receptors 
of sixteen of the thirty-one grafts that failed to form flower primordia in experi- 
ment II. All thirty-one grafts were allowed to continue development. Although 
the terminals of the receptors were destroyed at the time of dissection, lateral 
buds developed and these were dissected 2 weeks later. Flower primordia were 
present on twelve of the sixteen defoliated receptors at this time, while the fifteen 
undefoliated receptors were still vegetative. 

These preliminary experiments suggested that a much higher percentage of 
the Biloxi plants might have formed flower primordia if the receptors had been 
defoliated. Experiment III was performed to test further the significance of de- 
foliation of the receptor, and at the same time to determine whether age of the 
plants at the time of grafting was influential. For this experiment, 280 pairs of 
Agate and Biloxi plants were grafted. Twenty grafts were made on each of 14 
days, beginning when the plants were 22 days old and ending when they were 43 
days old. At the time of grafting, ten plants of each lot of twenty were defoliated 
to one leaflet. 

In 120 of the 280 grafts, or in about 43 per cent of the total, flower primordia 
were formed on the receptor plants; the other 160 receptors remained vegetative. 
Age of the plants at time of grafting did not influence the results. There were 
minor fluctuations in the numbers of receptor plants bearing flower primordia in 
the groups grafted on various days, but the results showed no correlation with age. 
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Defoliation did not result in marked differences in number of plants producing 
flower primordia. Of the 120 plants that formed flower primordia, sixty-two had 
been defoliated at the time of grafting and fifty-eight had not been. This result 
is not in agreement with that obtained in experiment II, but the plants of experi- 
ment II were defoliated many days after they were grafted, whereas those of ex- 
periment III were defoliated at the time the grafts were made. 

In a fourth experiment, five lots of twenty-five Biloxi-Agate approach grafts 
were made. One lot was not defoliated, another was defoliated at the time of 
grafting, and the remaining three lots were defoliated 4, 8, and 12 days, respec- 
tively, after grafting. In the undefoliated controls nine of the twenty-five re- 
ceptors formed flower primordia. In the plants defoliated at the time of grafting, 
twelve of the twenty- five receptors formed flower primordia. In those lots defoli- 
ated 4, 8, and 12 days after grafting, seventeen, fifteen, and eighteen plants, re- 
spectively, formed flower primordia. Defoliation of the receptor, performed 4 or 
more days after the plants were grafted, resulted in the formation of flower pri- 
mordia on more receptors than defoliation performed at the time of grafting. 

The failure in all experiments of certain of the receptors to initiate flower pri- 
mordia, even when they were defoliated several days after grafting, indicated that 
other inhibiting factors were operating. Although all the grafted plants seemed 
to have made good unions, there was a possibility that this was not the case. 
Consequently the roots of all the receptor plants were removed from the soil and 
allowed to dry, thereby making the survival of the receptors dependent upon the 
quality of the graft union (fig. i). Thirty-five days later, only fourteen of the 
seventy-one flowering plants were dead, but twenty-seven of the fifty-four non- 
flowering ones were dead. This same trend was observed in another experiment 
involving forty-five grafts similarly treated. Three weeks after the roots were 
pulled up, fourteen of these plants were dead. These included 44 per cent of the 
plants that did not have flower primordia and only 24 per cent of those that had 
flower primordia. This correlation between high percentage of flower-bearing re- 
ceptors and low percentage of fatalities among them indicates that the quality 
of the graft union has some influence on the transmission of a flower-forming stim- 
ulus from Agate to Biloxi. 

It seems evident from the preceding experiments that in a considerable per- 
centage of cases a flower-forming stimulus from an Agate soybean may cross an 
approach graft union and result in floral initiation in a Biloxi stock. It would 
therefore appear possible that, if two Biloxi plants were grafted together, a flower- 
forming stimulus induced in one by placing it on short photoperiods would move 
across the graft union and cause floral initiation in the other. Several experiments 
of this type, involving a total of eighty approach grafts in which both donor and 
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receptor were of the Biloxi variety, were performed. Forty of the donors were 
given induction treatment with short photoperiods prior to grafting and forty of 
them after the grafts were made. Of the donors that were induced prior to graft- 
ing, thirty were given four short photoperiods and ten were given seven short 
photoperiods. Of those induced after grafting, ten were given short photoperiods 
for 8 days and thirty for 14 days. The receptors in these experiments were treated 
in three ways : some were not defoliated, others were defoliated to one leaflet at 
the time of grafting, and still others were defoliated several days after grafting. 
In all these grafts, only one receptor initiated flower primordia. This plant had 
been undefoliated and its donor had received eight short photoperiods after 
grafting. 

Petiole SPLICE grapts, stem splice grafts, and bud grafts. — In two ex- 
periments performed at different times during the fall of 1941, fifty-five Agate 
leaves were grafted to separate Biloxi receptors (fig. 2). Fifty-three of these grafted 
leaves survived, enlarged to about their customary size, and remained on the 
plants as long as ungrafted leaves of similar age. Flower buds were initiated on 
all fifty-three receptors but were not formed on the other two plants on which 
the Agate leaf failed to survive. As controls for these experiments, noninduced 
Biloxi leaves were grafted to Biloxi receptors. At the same time Biloxi leaves 
that had been induced 7 and 12 days were grafted to Biloxi receptors of two other 
lots, respectively. Floral initiation occurred on none of the receptors to which 
either induced or noninduced Biloxi leaves were grafted. 

At the time of dissection, 2 weeks after grafting, there were many more flower 
buds on all the Biloxi receptors to which a single Agate leaf had been splice grafted 
than were present on the receptors to which an entire Agate plant had been ap- 
proach grafted. The flower primordia on receptors of approach-grafted plants 
usually occurred at only a few nodes, and the younger buds that differentiated 
above these were vegetative in every case. On the receptors to which Agate leaves 
were splice grafted, all the buds differentiated after the first flower primordia 
were formed became flower buds. 

Since abundant flower buds were present on Biloxi receptors 2 weeks after 
Agate leaves were grafted to them, the stimulus causing their initiation must 
have reached the meristems of the receptors very quickly. An indication of the 
length of time necessary for an Agate leaf to remain grafted to a receptor plant 
in order to result in floral initiation was obtained by removing the Agate leaf 
from the receptor at various times after grafting. For the first experiment of this 
type an Agate leaf was grafted to each of the thirty Biloxi plants. After i, 2, 3, 
4, 6, and 8 days, the grafted leaf was removed from lots of five receptors. At the 
time of dissection, flower primordia were present on three, four, and five of the 
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receptor plants on which an Agate leaf had remained for 4, 6, and 8 days, respec- 
tively, but were absent on receptors from which the Agate leaf had been removed 
after i, 2, or 3 days. 

In another experiment, also with thirty grafted Biloxi plants, the Agate leaves 
were removed from ten of the receptors after 3, 4, and 6 days, respectively. No 
flower primordia were formed on the ten receptors of the 3-day lot, but they 
were present on four and six receptors of the 4- and 6-day lots, respectively. 

Batorawka soybean leaves are as effective as Agate leaves in producing floral 
initiation on Biloxi receptors. A Batorawka leaf was grafted to each of thirty re- 
ceptors, and on all the receptors flower primordia were initiated. 

Flower-bud initiation occurs on Biloxi receptors following splice grafting of 
stems as readily as following splice grafting of leaves. Twenty-eight splice grafts 
of stems of Biloxi and Agate were made. In eighteen of these the Biloxi receptors 
were the scions and in ten they were the stocks. Flower primordia were formed on 
the receptor components of all twenty-eight grafts. Likewise, in twenty Biloxi- 
Batorawka stem splice grafts, flower primordia were formed on all Biloxi receptors. 
In ten of the grafts the receptor was the scion and in the others it was the stock. 
No flower primordia were formed in the terminal buds of ten Biloxi-Biloxi stem 
grafts in which both stock and scion were grown continuously on long photo- 
period. 

A few Biloxi buds were grafted to Agate plants. About half the grafted buds 
survived. These developed into short branches, in the buds of which flower pri- 
mordia were formed. 

Grafts of several varieties of Phaseolus vulgaris to 
Biloxi soybean 

A flower-forming stimulus passes readily across certain types of graft unions 
between Agate or Batorawka soybean and Biloxi and results in the initiation of 
flower primordia on the Biloxi receptors. Grafting experiments were conducted 
to determine whether or not a similar stimulus originating in plants of Phaseolus 
wigam might cross a graft union to a Biloxi plant and cause flowering. The 
varieties of garden beans used were Plentiful, Black Valentine, Red Kidney, and 
Dwarf Horticulture. Flowering in these varieties is influenced very little by length 
of photoperiod. 

The earliest stages of flower primordia are initiated on many varieties of garden 
beans soon after the seedlings emerge from the soil. Grafts of Biloxi soybeans 
with garden beans are almost invariably successful, and the scion— whether Biloxi 
soybean on Red Kidney bean or Red Kidney on Biloxi soybean— makes vigorous 
growth (fig. 3). Likewise, petiole splice grafts of garden bean leaves to Biloxi 
soybean plants nearly always succeed. No flower primordia, however, were formed 
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on any of the sixty Biloxi receptors to which Phaseolus leaves were grafted, or on 
any of the thirty Biloxi receptors to which Phaseolus stems were grafted. 

Since the scions (in the case of the stem splice grafts) and the leaves (in the 
case of the petiole splice grafts) become firmly attached, maintain their turgidity, 
and make further growth after the grafts are made, it seems evident that the 
translocation of water and probably of mineral nutrients occurs across the graft 
union. There is evidence, however, that elaborated food materials move across 
the graft union with difficulty or not at all. For example, a Red Kidney bean 
leaf that has been grafted to a Biloxi soybean for a week or more does not lose 
its accumulated starch when left in the dark for many days. Control Red Kidney 
leaves growing on Red Kidney plants lost most of their starch content the first 
night. Moreover, an abscission layer eventually develops across the base of the 
Biloxi petiole to which such leaves are grafted. The stump of the Biloxi petiole 
turns yellow while the petiole of the Phaseolus leaf remains green. The loss of 
color and abscission of the Biloxi stump occur at about the same time as in similar 
stumps of petioles to which no Phaseolus leaf is grafted. This is in contrast to the 
behavior of Agate or Batorawka leaves splice grafted to Biloxi. Such leaves re- 
main attached to the Biloxi plant many weeks longer than Phaseolus leaves sim- 
ilarly grafted. 

Root formation on Phaseolus scions constitutes further evidence of lack of food 
transfer across 'E'Aoxi-Phaseolus graft unions. These roots form at the base of 
stem scions and at the lower end of the Phaseolus petiole in the petiole splice 
grafts. 

Finally, continued development of Phaseolus scions on Biloxi stocks or of Biloxi 
scions on Phaseolus stocks depends upon the presence of leaves on the scion. If 
all of the leaves are removed from the scion, whether it is Biloxi or Phaseolus^ the 
scion fails to develop new leaves. But if a small portion of only one leaflet is left 
on the scion, the scion continues to grow and develop new leaves. 

Discussion 

The flower-inducing stimulus of a single Agate leaf grafted to an entire Biloxi 
plant was sufficient to cause flower-bud initiation in all cases. The flower-inducing 
stimulus in the two varieties must therefore be the same. In Biloxi the formation 
of the stimulus does not occur unless the photoperiod is less than 14 hours, while 
in Agate it is formed even under continuous light. 

When Biloxi and Agate plants were approach grafted, however, flower-bud ini- 
tiation resulted in less than 50 per cent of the Biloxi plants in most experiments. 
Every Agate plant used for the approach grafts had several leaves, each of which 
was capable of supplying a flower-inducing stimulus. A more than adequate stim- 
ulus, therefore, must have been produced by the Agate plants. Failure of the re- 
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ceptors to form flower primordia evidently resulted from inadequate transfer of 
this stimulus to them. Defoliation of the receptors several days after grafting in- 
creased the percentage of those initiating flower primordia. Evidently defoliation 
aided the transfer of the stimulus from the Agate to the Biloxi plant. Such treat- 
ment decreased the amount of organic substances synthesized in the defoliated 
plants and presumably changed the translocation gradient in such a way that an 
increase in net movement of materials from the Agate to the Biloxi component 
may have resulted. 

Similar results from defoliation have been obtained in other photoperiodic ex- 
periments (i), in which two-branched Biloxi soybean plants were used. In these 
experiments one branch received several short photoperiods while the other was 
subjected continuously to long photoperiods. Floral initiation occurred abun- 
dantly on the short-day branches but occurred only on those long-day branches 
from which the leaves had been removed at the time the induction treatments 
were given. The results of this experiment could likewise be explained on the basis 
of a modified translocation gradient. On the other hand, it could be assumed that 
the effects of the flower-inducing stimulus of the donor leaves may have been 
nullified by some inhibiting substance produced by the leaves of the receptors 
which were on long photoperiods, or that the stimulus from the donor leaves was 
absorbed by the leaves of the receptors to such an extent that insuflicient amounts 
reached the growing point with sufficient intensity to cause floral initiation — in 
spite of the fact that all but one of the Biloxi leaves were still present on the plant. 

Biloxi leaves that had been subjected to several short days before they were 
grafted failed to induce the formation of flower primordia on receptor plants. If 
flower primordia had been formed on the receptors this would have meant that 
the grafted leaf had undergone some change resulting from the induction treat- 
ment that enabled it to continue liberating a flower-inducing stimulus after it 
had been returned to long photoperiods. Failure of the grafted leaves to induce 
flower primordia on the receptors is in agreement with the results previously ob- 
tained in which it has been shown that the flower-inducing stimulus does not con- 
tinue after the plants are returned to long photoperiods. 

Although all donors produced abundant flower buds in the Biloxi-Biloxi ap- 
proach grafts, only one receptor formed flower primordia. The flower- inducing 
stimulus was evidently present in the donors but for some reason failed to reach 
the terminal meristems of the receptors in sufficient amount to result in flower- 
bud formation. The reasons for this are not known. 

It has been shown previously (3) that the stimulus resulting in floral initiation 
in the Biloxi soybean will readily move either up or down the plant. Further evi- 
dence that this is true was obtained from the stem splice-grafting experiments be- 
tween Agate and Biloxi. Since flower buds formed on the receptors, whether they 
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were scions or stocks, it is evident that the flower-inducing stimulus crossed the 
graft union in either direction. Ktjijper and Schtjurman (8) did not observe an 
upward translocation of the stimulus in the soybean varieties they grafted. 

Summary 

1. Biloxi plants or parts of Biloxi plants, subjected continuously to daily 
photoperiods of 17 or more hours, were used as one component of all grafts re- 
ported in this work. Plants of this variety do not develop sufflcient flower-forming 
stimulus on long photoperiods to cause floral initiation. They therefore served to 
determine whether or not a flower-inducing stimulus was transmitted across the 
graft unions. They are referred to as receptors and the plant or plant parts grafted 
to them as the donors. 

2. The donor components were from Agate, Batorawka, or Biloxi varieties of 
Soja max, or from Red Kidney, Plentiful, Black Valentine, or Dwarf Horticulture 
varieties of Phaseolus vulgaris, 

3. Methods of grafting employed were approach grafting of stems, splice graft- 
ing of petioles, splice grafting of stems, and bud grafting. 

4. A total of 490 Agate-Biloxi approach grafts were made and all formed strong 
unions. Approximately 50 per cent of the Biloxi receptors formed flower primor- 
dia. This percentage was somewhat greater if the receptors were defoliated a few 
days after they were grafted. 

5. Eighty Biloxi-Biloxi approach grafts were made. Flower primordia were 
formed on no receptors whose donors received long photoperiods continuously, 
and on only one receptor whose donor received short photoperiods after it was 
grafted. 

6. Eighty-five Agate or Batorawka leaves were grafted to Biloxi receptors. 
Flower primordia developed on all eighty-three receptors on which the grafted 
leaf survived. 

7. Formation of flower primordia on Biloxi receptor plants to which an Agate 
leaf was grafted occurred only when the grafted leaf remained on the receptor 4 
or more days. 

8. Flower primordia developed on all the Biloxi receptors of the forty-eight 
Agate or Batorawka stem grafts made. The flower-inducing stimulus passed either 
up or down through the graft union, depending upon whether the receptor was 
the scion or the stock. 

9. Thirty grafts of Biloxi leaves on Biloxi receptors, and twenty of Biloxi stems 
to Biloxi receptors, were made; all lived, but flower primordia were formed on no 
Biloxi receptors. In some of these grafts the Biloxi donors had received long 
photoperiods at all times; in others they had received various numbers of short 
photoperiods prior to grafting. 
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10. Sixty leaf grafts and thirty stem grafts of Phaseolus bean to Biloxi soybean 
receptors were made. Of these, fifty-nine of the former and twenty-seven of the 
latter survived, but flower primordia were formed on no Biloxi receptors. 

IX. Water and probably mineral nutrients move across Phaseohis-Biloxi graft 
unions readily, but elaborated foods do not appear to cross such unions, 

U.S. Horticultural Station 
Belts viLLE, Maryland 
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GROWTH AND DEVELOPMENT IN RANGE GRASSES. II. EARLY 
DEVELOPMENT OF BOUTELOUA CURTIPENDULA 
AS AFFECTED BY DROUGHT PERIODS 

CHARLES E. OLMSTED 

Introduction 

Studies on the development of Bouteloua curtipendula as affected by watering 
frequency have been reported previously (9). In conjunction with that research 
it seemed desirable to determine the effects of severe soil drought upon seedlings 
watered at various frequencies, at different developmental stages. Both soil and 
atmospheric drought periods may be considered part of the normal environment 
during seedling establishment of most range grasses. In cereals, the occurrence of 
critical periods in development, during which limited water supply has greatest 
effect, has long been known (i, 7). In certain spring wheats, Aamodt and John- 
ston have shown that superior drought resistance is associated with (a) ability to 
evade early periods of drought; (b) rapid development of primary root systems 
when young, both in branching and number of primary roots; and (c) superior 
capacity to endure drought without permanent injury. In perennials, equally im- 
portant must be the ability of certain parts, usually underground or nearly so, to 
remain dormant but alive during periods of soil drought which cause death or 
dying back of tops (2). 

Few workers on range grasses, even when recording death of parts (ii), have 
considered carefully the morphological pattern of individual species in relation to 
the problems of drought resistance or the possible effects of drought upon this 
pattern. In general, only those anatomical modifications considered to be xero- 
morphic, or the rate and depth of root penetration and root branching, have been 
considered. The differential availability of a limited water supply to different 
organs within a plant, in conjunction with differential protection from— and re- 
sistance to— desiccation, may lead to interesting developmental patterns. In 
maize (6) it has been suggested that stunting effects tend to be most serious during 
the formative period; that is, during the first 30-40 days of the plant’s life, when 
the developmental pattern is laid down. In certain fruit trees, drought conditions 
during the period of floral differentiation may result in excessive flower-bud forma- 
tion (4), while in cotton the flower buds are shed (5). Glendening (3) reported 
flowering by Heteropogon contortus in 7-36 days following resumption of watering 
after the subjection of 7-weeks-old plants to a drought period of 6 weeks. Plants, 
grown at medium levels of water supply preceding this period, flowered earlier 
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than those first subjected to dry or wet conditions. He gave no data for plants not 
subjected to drought. 

In addition to gross observations on drought effects, including death of parts, 
some attempt was made in the present study to follow the rate and degree of de- 
velopment of individual organs initiated just before, or early in, a drought period, 
together with any correlative effects produced in the plant as a whole when water- 
ing was resumed. As previously indicated, Bouteloua curiipendula was chosen for 
study because of its considerable increase in importance in various parts of the 
central grassland region during the early years of the drought period. A study of 
its early development in relation to water supply and drought might aid in inter- 
preting this increase. 

Methods and environmental conditions 

Procedure and general growth conditions during the experiment, except soil 
moisture, have been reported (9). Plants were grown from seed in 2-gallon glazed 
crocks, and were thinned to ten plants per crock. Water was supplied to three 
basic series in an amount equivalent to 0.4 surface-inch at intervals of 3, 6, and 12 
days. From these series, four or five crocks of each were set aside to dry when 
plants were 18, 30, and 42 days old. In a fourth series, watered every 20 days, 
five pots each were placed on drought after 26 and 46 days. In all cases, the be- 
ginning of drought periods coincided with the end of a normal watering interval, 
with the measurement of soil moisture, and with root and top development in the 
four basic series (9, tables i , 3-6) , the latter series having been set up on N ovember 
27, when the plants were 6 days old. All series were given the regular watering of 
0.4 surface-inch on the first day of their drought periods. This produced the wet- 
test condition at the beginning of the dry period in the series previously watered 
most frequently (at intervals of 3 days), while driest conditions were found in 
those first watered at 20-day intervals. In the latter, both at 26 and 46 days, soil- 
water content had been reduced almost to the permanent wilting percentage. 
Among pots with a 3- or 6-day watering interval preceding drought, those placed 
on drought at 42 days were also much wetter than those allowed to dry earlier. 
These conditions were not disadvantageous, because the larger plants in both the 
older and wetter series reduced the water content during drought much more 
rapidly than did the smaller plants which began drought under seemingly much 
drier conditions. The net result was probably to impose more nearly the same 
intensity of drought on all series than could have been done in any other way under 
the experimental conditions. After 48 days of drought treatment, soil-moisture 
content in all series and ages was reduced below the permanent wilting per- 
centage, and ranged from o.i to 0.5 per cent above the hygroscopic coefficient of 
0.8 per cent. As judged by soil-water content, duration and degree of wilting, 
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death of foliage, and length of time required for recovery, water deficit became 
somewhat more acute in all series placed on drought when 42 days old than in the 
others, and was least severe in those where drying started at 18 days. 

After 48 days of drought, plants from one crock in each series were washed out 
for measurement. One pot of each was left dry to complete total drought periods 
of 88, 80, 76, 69, and 65 days for series allowed to dry when 18, 26, 30, 42, and 46 
days old, respectively. These latter pots were then watered amply to test survival 
and amount of recovery during the following week. The remaining three pots in 
each series were given 0.4 inch of water after 48 days of drought, and one pot of 
each was washed out after 3 days for a record of renewed growth. The remaining 
two pots were watered (0.4 inch) at intervals of 3 or 12 days until the close of the 
experiment, to allow recovery under both wet and dry conditions. All remaining 
plants were harvested at 119 days. Hereafter in referring to treatments, numerals 
such as 3 -i 8“48"3 will indicate, in order, plants watered at intervals of 3 days 
until 18 days old, followed by a drought treatment of 48 days, after which watering 
was resumed at 3-day intervals until 119 days old. Total amounts of water sup- 
plied to series left on drought for 48 days ranged from 9.6 surface-inches in 3-18- 
48-3, 3“3 o- 48“3, and 3"42“48-3 to 2.8 in 20-26-48-12 and 20-46-48-12. Several 
other treatments received the same total amounts of water, including 12-18-48- 
12, 12-30-48-12, and 12-42-48-12 (3.2 inches). Harvesting and measurements of 
growth and development followed the procedure outlined in the previous report (9) 

Results 

Primary root system 

The imposition of a drought period, if not too severe, probably tended to pro- 
long the life of the primary root system. It was still alive in the great majority of 
the 220 plants, examined at 119 days, in the various treatments involving 48 days 
of drought. This is in contrast to its relatively early death in the continuously wet 
series, previously reported (9). It was found dead most frequently in those series, 
such as the 3-42 ’s or 6-42 ’s, in which frequent watering and greater age had al- 
lowed establishment of a number of adventitious roots from the primary axis 
before the drought period. It was the only functional absorbing organ in thirty- 
three plants, all alive, of the 220, and in fourteen others was supplemented only by 
one to four roots developed from secondary axes after the resumption of watering 
at 3-day intervals. Of twelve plants, however, which either had died by the end 
of the 48-day drought or had failed to recover on a 12-day watering interval, nine 
had not established adventitious roots, suggesting the inadequacy of the primary 
root system alone during severe stress in some plants. In three of the nine, death 
actually resulted from breaking of the mesocotyl. The forty-two plants, either 
living or dead, which had failed to establish adventitious roots were found in 
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fourteen of the twenty-two treatments, but only two of these had been watered at 
3-day intervals preceding drought. 

In those pots subjected to drought for periods longer than 48 days, only fifteen 
plants out of 107 were alive when harvested. They were found in four pots — 3“-i.8~- 
88, 3-30-76, 6-30-76, and 3-42-69. Of the thirty-eight plants in these four pots, 
fourteen of the fifteen alive had established one or more adventitious roots. Of the 
thirty-nine plants placed on drought when 18 or 26 days old, five of the six still 
alive at 119 days showed establishment of the first adventitious roots to be 
formed, while only the primary root had become functional in the thirty-three 
which had died. Of the thirty placed on drought at 30 days, the eight remaining 
alive had a range of one to five established adventitious roots in contrast to none 
to three in the dead plants. These data illustrate the importance of early estab- 
lishment of adventitious roots in seedling survival of severe drought. 

The influence of drought periods on degree of branching and penetration of the 
primary root system was impossible to determine, since these roots are so slender 
as to undergo considerable breakage in removal from soil. It was observed gen- 
erally, on plants washed out immediately at the close of drought periods, that dif- 
ferentiation of root tips in soil had apparently occurred to within a fraction of a 
millimeter from the tip, in both primary and secondary root systems, as judged by 
root-hair production and other criteria. These tips renewed growth very slowly 
from the residual meristem and in most cases had elongated only 2 mm. or less on 
plants washed out 3 days after watering was resumed. In some cases no new 
growth was apparent, even on tips which still seemed alive. 

Primary stem, leaves, and tillers 

Death of primary leaves and of those on secondary axes proceeded from the tips 
downward, from the outer to the inner margin of the convolutely-rolled wilted 
leaves, and from lower to higher positions on each axis, until death of stem tissues 
occurred. There were no consistent differences in percentage of dead foliage among 
the different treatments. In practically all plants subjected to drought for 48 days, 
almost all foliage had died which was not protected by a favorable position in 
vernation upon wilting and rolling. Generally only the one or two leaf primordia 
which had not yet partially emerged from the tube of leaf bases, and the basal 
portions of sheaths or inner halves of the convolutely-rolled blades of the next two 
or three older leaves, remained alive on the various axes. Protection afforded the 
growing points seemed fairly effective, because in only a few of the plants alive 
after the 48-day drought had any primary or secondary stem tips died. In these 
few plants, in those remaining alive after longer drought periods, and in those 
which failed to recover, death occurred first in stem meristems in the most exposed 
positions above the ground. This condition was often associated with the earlier 
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death of segments of elongated internodes no longer protected by leaf sheaths. 
In cereals, the period of “shooting” is regarded as one in which water deficit is most 
critical (i, 7), often leading to death of the primary axis, with consequent delay in 
heading and reduction of yield after recovery by development of lateral axes. 

After the resumption of watering, survival became apparent within 24 hours in 
most plants by the unrolling of the living portions of leaves and the renewal of 
growth by leaf and stem meristems, resulting in the rapid emergence of fresh green 
tissue through the mass of surrounding dead leaves. 

The pattern of top growth was not changed markedly by drought, in correlation 
either with age at time of drought or with previous watering interval, except in 
those few plants in which stem meristems had died. There was some suggestion of 
the maturation of one or two more basal unelongated internodes, on both primary 
and secondary axes, in those plants in which shooting would normally have oc- 
curred during the drought period than in the control series previously described 
(9). In other cases, as in 3-30-48-3, there was marked reduction in length of the 
second or third elongating internode, which differentiated and elongated during 
the drought period, compared with its length in plants not subjected to drought. 
Such stunting apparently was not deleterious in further growth of the same axis. 

In some individual plants in which rapid differentiation and growth of the first 
or second primary tillers should have occurred during the drought period, a sug- 
gestion of stunting was noted. A larger proportion of first primary tillers had re- 
mained small, and there was more of a tendency for the third tiller to be largest 
than in the series continuously watered. Based on averages, however, the second 
tiller was taller than the first and third in all treatments at 119 days. 

In analyzing the numerous criteria of growth and differentiation of the tops, the 
twenty-two treatments with a drought period of 48 days were arranged in se- 
quence of total water supplied, together with the four series not subjected to 
drought. The relative rank of the different treatments, based on living plant aver- 
ages for numerous growth measurements in the 119-day plants, was likewise de- 
termined. Any striking deviations in the latter from the sequence based on total 
water supplied were easily seen. In general, it was found that drought at different 
ages, and in conjunction with previous and subsequent divergence in watering 
frequency, produced no outstanding deviations in rank based on different growth 
data from that based on total water supplied. Criteria of size, such as height of 
plant or tillers, or length and number of elongated internodes, usually showed a 
wider range of values than did those of organ differentiation, such as numbers of 
primary leaves, tillers, etc. This suggests a greater relative effect of drought on 
enlargement than on organ differentiation, if meristems remained alive. 

Average height at 119 days, in plants subjected to 48 days of drought, ranged 
from 50 cm. in 6-18-48-3 (8.8 inches of water) to 22 cm. in 20-26-48-12 (2 8 
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inches). Plants with the same total water supply were approximately equal in 
height; for example, 3-i8-“48“"3, 3-30”48“3, and 3-42™48™3 (9.6 inches of water) 
averaged 45, 46, and 44 cm. tall, respectively. Plants i2-~i8“48"~i2, i2"-3o™48”~i2, 
and 12-42-48-12 (3.2 inches) averaged 30, 29, and 29 cm. Numbers of primary 
leaves in the same series were lo.o, 10.2, 9.9, and 8.2, 8.1, and 7.2, respectively. 
Leaf number ranged from 10.6 to 7.2 in 12-18-48-3 and 12-42-48-12. Average 
number of elongated internodes on the primary axis ranged from 3.8 in 6-18-48-3 
to 0.2 in 20-46-48-12, while in the two groups just listed the averages were 3.7, 
3,3, 3,3, and 1.7, 1.3, 0.6. 

Average length of the second primary tiller ranged from 36 cm. in 3-18-48-3 to 
10 cm,, in 20-26-48-12, while leaf numbers were 9.9 in 12-18-48-3 and 6,8 in 
20-46-48-12. Heights in the two groups with equal water supply were 36, 30, 27, 
and 13, 14, 13 cm., while leaf numbers were 9.2, 9.2, 8.9, and 7.6, 7.7, 7.0. 

Highest values for (a) number of primary tillers over 15 cm. long, ( 5 ) number of 
primary tillers showing internodal elongation, (c) height and (d) number of leaves 
of largest primary tillers, (e) number of secondary tillers and (/) those over 15 cm. 
long, and (g) tertiary tillers were 5.2, 2.2, 41 cm., 9,9, 25.7, 5.3, and 21,4. Lowest 
values for the same criteria were 2.7, o, 12 cm., 6.6, 12.6, o, and o, respectively. 

In general, values in the different treatments for all growth measurements fell 
into or near the sequence based on total water supply. Treatments with most con- 
sistent departure from this sequence were 3-42-48-3 and 3-42-48-12, showing 
lower rank in most growth criteria, and 6-18-48-3, 12-30-48-3, 6-42-48-3, 12- 
42-48-3, and 20-26-48-12, with higher rank in growth than in sequence of water 
furnished. In the first two, the lower values may be attributed to inability to use 
efficiently the abundant water supplied before drought, to a somewhat greater 
retardation in growth during the drought period owing to the relatively early ex- 
haustion of the water reserve by these largest plants, and possibly to an actual 
lowered physiological drought resistance owing to the early abundant supply of 
water. In the other five treatments, some one or all of these three factors may 
have operated in the opposite direction to allow the more effective development. 

Secondary ROOT SYSTEM 

The plan of initiation of adventitious roots on the primary axis has been 
described in detail (g). Numbers initiated near lower nodes during the previously 
reported study tended to be correlated with frequency of watering. Near the up- 
per nodes, and on secondary axes, any such tendency was counteracted in part by 
a tendency toward stimulation of primordium initiation when older primordia 
failed in establishment. In the drought series, both of these tendencies naturally 
became effective, the drought conditions tending to inhibit initiation as well as 
establishment, while the failure of the latter during drought apparently stimu- 
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lated production of new primordia when water again became available. Rate of 
new production in individual plants often seemed to be inversely proportional to 
the number previously established, although regulated also by the adequacy of 
water supply following drought, which controlled further shoot development. 

In the great majority of all treatments with 48 days of drought, major devia- 
tions in rank at 1 19 days — from that based on water supply — ^were found in prac- 
tically all measurements of root development. The data included averages for: 
total numbers of primordia initiated on stems; percentage remaining alive; num- 
bers produced on primary and secondary axes and near each node of the primary 
axis; total numbers of established roots (living roots over 50 mm. long) and totals 
on main axis and primary tillers; and numbers and percentage of established roots 
near each node of the primary axis. 

Total numbers of root primordia produced showed strong correlation with fre- 
quency of watering following drought, those plants with the more frequent water- 
ing mostly outranking those watered on 12-day intervals. Values in the former 
group ranged from 42.7 in 6-18-48-3 to 28.7 in 6-42-48-3; and in the latter, with 
two exceptions, from 28.3 in 12-18-48-12 to 15.2 in 12-42-48-12. The exceptions, 
6-18-48-12 and 20-26-48-12, produced 34.4 and 34.6 primordia, respectively. 
The latter pot was the only one in which all the ten plants failed to establish any 
adventitious roots, leading to the most extreme production of primordia in rela- 
tion to the limited amount of water supplied. In the other, only three of ten plants 
established one adventitious root each before being placed on drought. In the two 
larger groups, rank in total primordium production was displaced upward, from 
that accorded by water supply, in all treatments in which imposition of drought 
at 18 days, or infrequent watering prior to drought in older plants, had prevented 
adventitious root establishment. Conversely, rank in primordium production was 
shifted downward in all treatments favoring early establishment of adventitious 
roots. 

The percentage of primordia and roots, alive at 119 days, ranged from 74 in 
6-42-48-3 to 36 in 6-18-48-12. It was obviously influenced both by death of 
roots from drought and other causes and by the relatively high numbers of living 
primordia most recently initiated in certain treatments. These two values often 
compensated each other in the percentage figure. 

Total numbers of adventitious roots initiated on the main axis ranged from 14.6 
in 12-18-48-3 to lo.i in 6-42-48-3 and 8.2 in 12-42-48-12. This value was re- 
lated to a complex of factors: the degree of maturity of all crown nodes and inter- 
nodes (in some plants, grown under driest conditions, primordia were not yet 
differentiated near the higher nodes); the tendency of both a drought period and 
infrequent watering to increase the number of internodes which do not elongate 
with consequent increase in number of nodes near which primordia are normally 
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differentiated; and the tendencies for larger numbers to be initiated by plants 
with a favorable water supply, counteracted by the stimulating effect — both in 
time and numbers initiated near higher nodes— of previous failure in establish- 
ment. Actual numbers of roots initiated on the primary axis could be interpreted 
only by reference to the differential importance of these factors in the various 
treatments. 

Numbers of root primordia initiated on secondary axes showed approximately 
the same relation in the different treatments to the sequence based on water sup- 
ply as did the total numbers per plant. They ranged from 254 in 6“i8-48-3 to 6.4 
in 6-30-48-12. 

Live established roots over 50 mm. long on the main axis ranged from 5.2 in 
6-42-48“3 to o in 20-26-48-1 2. With the exception of the latter, and 1 2-42-48-12 
(3.6 roots) and 3-42-48-12 (2.9 roots), such roots in all other treatments— with a 
12-day watering frequency following drought— ranged from 2.2 to 0.6. In very 
few of these plants were any adventitious roots established on either primary or 
secondary axes following drought, emphasizing the need in this species, previously 
reported, of at least 3 consecutive days of soil-surface wetness for such establish- 
ment. Plants watered at 3-day intervals following drought, except 20-46-48-3 
(1.8 roots) and 20-26-48-3 (i.i roots), possessed from 5.2 to 2.6 established roots 
at 1 19 days. In this group of treatments one or more roots per plant were estab- 
lished following the resumption of watering. In both groups, the average number 
of adventitious roots established before drought increased consistently with age at 
drought in all frequencies of watering, and in general, at each age, with increasing 
frequency of watering. 

Established live roots on tillers were found, with rare exceptions, only on plants 
watered at 3 -day intervals following drought, ranging in number from 5.4 in 
3 -i 8-48“3 to i.i in 3-42-48-3 and 20-46-48-3. Those earliest subjected to 
drought consistently had the highest number of established tiller roots in contrast 
to those allowed to dry when older. This fact is related to the coincidence of the 
resumption of watering in the former with (or near) the time when first-formed 
tillers had reached a developmental stage, allowing vigorous root initiation and 
some successful establishment. In plants placed on drought when older, many 
primordia, initiated just before or during the early stages of drought, had died 
before watering was resumed or were too weak to make effective growth in the 
somewhat arid aerial environment characteristic of the latter phases of the experi- 
ment. In practically all plants watered at 12-day intervals following drought, tiller 
roots failed completely, although initiated in considerable numbers. Death oc- 
curred usually because the rate of soil drying exceeded their rates of penetration. 

The length of time during which initiated primordia, still buried in stem tissues, 
retained their capacity for development was shown by analyzing the data with 
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respect to time of production and establishment of roots near the successive nodes 
on the primary axis. For example, plants placed on drought at i8 and 26 days had 
commonly initiated primordia near the coleoptilar (second) node, and in some 
cases near the third node as well. The former primordia, especially, grew in re- 
sponse to the application of water at this time; and — in those plants previously 
watered at 3- or 6-day intervals — often became established. Primordia near the 
third node failed to grow at this time in most treatments, or, having done so, 
failed in establishment during the beginning of the drought period. During the 
gradual increase in internal water deficit, primordia were produced successively 
near the higher nodes, so that at the conclusion of the drought period (plants 66 
and 74 days old) roots had been initiated near all nodes up to and including the 
fifth, and in some cases, the sixth. Upon resumption of watering, however, it was 
found that only those primordia near the higher nodes, particularly the fifth, were 
capable of effective growth and successful establishment. The primordia near the 
third and fourth nodes had often died, still buried in apparently living stem tissue; 
or, if still alive, seemingly showed cell maturation to the tip and incapacity for 
growth. In other cases it was obvious that great amounts of mechanical tissue had 
differentiated from the surrounding stem cells, possibly restricting the activity of 
the roots. 

On plants placed on drought when older, primordia near somewhat higher nodes 
failed to develop into functional roots, for the reasons already suggested. Thus, 
plants placed on a 48-day drought at 42 days, after frequent watering, followed by 
watering at 3~day intervals, usually showed functional established roots near the 
second and third, and occasionally the fourth, nodes. Most primordia near the 
fourth and fifth nodes died, either with or without elongation, during the drought 
period. New roots grew, after watering, from near the sixth, occasionally the fifth, 
nodes; but so slowly in many cases as to dry before they could become established. 
In addition to moist soil, a humid atmosphere for at least 3 days was apparently 
essential to these plants in alleviating internal water deficit sufficiently to permit 
root establishment. 

All adventitious roots, having become established in the soil to a depth of 50 
mm., seemed equally capable of survival on all plants remaining alive through the 
drought period, irrespective of position or age. Their growth was undoubtedly 
limited by the size of the container, and it is probable that fewer plants with these 
roots would have died on the longer drought periods if a greater volume of soil had 
been available for them. In nature, drought survival of many grasses in arid re- 
gions must be dependent, during drought dormancy, upon two major factors: 
first, the meager supplies of water furnished to the basal stem meristems by those 
roots penetrating into soil layers in which water content is not yet reduced to com- 
plete nonavailability ; and second, any physiological adaptations, involving bound 
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water or related phenomena, in the meristems themselves. The zones of possible 
absorption in such roots might warrant investigation, in view of apparent mat- 
uration almost to the tip during drought, reported in this study. 

Discussion 

In considering the effects of drought on correlations within the plant, as illus- 
trated by its differing effects on initiation and growth of stems and leaves in con- 
trast with roots, the positive correlation in the growth of the former with the 
amount of water supplied over the 4 months of the experiment seems somewhat 
remarkable. If considered from the standpoint of averages, it suggests that— 
aside from those plants which failed to survive the drought period— the differing 
number, position, and time of establishment of adventitious roots had little effect 
in producing differential survival and growth of the various parts of the shoot 
system. Correlations were practically lacking also on an individual plant basis. 
If progressive determinations of absorbing surface were practical, or if it had been 
possible to obtain accurate dry-weight data on roots, correlations of these values 
with the various criteria of shoot growth might have been positive. Even this, 
however, would not explain the inference that in plants, up to 4 months old, water 
transmitted from the various adventitious roots — regardless of position— and 
from the primary root system apparently is equally available to all shoot-growing 
tips. In individual plants there was some suggestion that any exceptionally vigor- 
ous tillers had established adventitious roots, either before the drought period or 
soon after the resumption of watering. A cause and effect relation might be im- 
plied, which undoubtedly becomes operative in older plants. 

The bearing of this study upon possible reasons for the early increase of 
Boukloua curtipendula in the prairie during the years of drought is somewhat per- 
plexing. Weaver and Albertson (10) attributed this increase partly to the pro- 
lific seeding habit of the species, suggesting that seedlings played an important 
role in the increase. Without causal data on mortality and survival of seedlings of 
different ages in this region during this period, correlations with the results of this 
study are impossible. But the latter indicates that such survival and increase can 
be considered remarkable. Aside from the rapid and deep penetration of its single 
primary root, this species shows no morphological equipment during its early 
seedling life which would indicate high drought resistance or success under arid 
conditions. The lack of more than one seminal root, the production of the first 
adventitious root when 2 or more weeks old, the slow rate of initiation of addi- 
tional ones, the period of soil wetness required for their successful establishment, 
the apparent inability of the first-formed primordia to remain functional through 
more than 2-3 weeks of internal water deficit, and the establishment of the crown 
nodes at the surface of the ground in any depth of planting so far used by the 
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writer — these would all seem to be disadvantageous. Against this may be noted, 
at least for older plants, the amount of branching and rate of penetration of estab- 
lished adventitious roots, the stimulation in root-primordium production when 
adventitious roots have failed in establishment, and the apparent equal availabil- 
ity of a limited water supply to all stem growing points located near the ground, 
together with their protection against desiccation. These growing points are the 
meristems which eventually give rise to new roots as well as leaves. It may well 
be that drought resistance in perennial grasses rests partly upon the success of the 
stem meristems in obtaining their full share of a limited supply of water. In this 
species they were obviously more efficient in this respect than were those of the 
roots, which renewed growth very slowly upon resumption of favorable conditions, 
in contrast with the stem meristems. In this connection, it is well to bear in mind 
that the pathway and mechanism of transmission of water to stem growing points 
when drought-dormant grasses resume growth has never been completely de- 
termined (8). 


Summary 

1. Seedlings of Bouteloua curtipendula in 2-gallon glazed crocks, grown under 
wet to dry conditions as regulated by watering at intervals of 3, 6, 12, or 20 days, 
were subjected to soil-drought periods from 48 to 88 days in length. Plants in the 
first three series were subjected to drought when 18, 30, and 42 days old, and in the 
last at 26 and 46 days. Watering was resumed in some pots of each series after 48 
days of drought, at intervals of 3 and 12 days. Others were left on drought until 
approximately no days old and were then watered amply to test survival. All 
plants were harvested at 119 days, except those harvested at the beginning, at the 
close, and 3 days after the close of the 48-day drought. 

2. The few seedlings which failed to survive the 48-day drought, and many of 
the larger number failing to survive for longer periods, had failed in establishment 
of adventitious roots, either because of having been placed on drought prior to, or 
just at, the time of initiation of such roots, or because infrequent watering pre- 
vented their establishment. Such establishment seemed to be dependent upon 3 
consecutive days of soil-surface wetness. A number of small plants, however, sur- 
vived 48 days of drought with no established adventitious roots. 

3. All stem meristems nearest the ground, and the young foliage surrounding 
them, were equally and most resistant to the effects of internal water deficit, 
resuming growth rapidly after watering. Older foliage died during the 48-day 
drought period. Initiated adventitious root primordia, buried in stem tissues, ei- 
ther died or failed to grow effectively after subjection to 2-3 weeks of water deficit. 
Many root tips, established in the soil, had apparently survived but resumed 
growth very slowly after drought, in contrast to stem meristems. 
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4. There was little differential effect of drought at different ages on the growth 
produced by all stem meristems which survived. At 119 days, numerous growth 
measurements were correlated closely with total amount of water supplied during 
the entire experiment. In general, size was reduced by drought to a greater degree 
than were numbers of organs differentiated, at least in the 48-day period, as com- 
pared with continuously watered controls. 

5. Drought, when it prevented establishment of adventitious roots, tended to 
stimulate the initiation of root primordia on the various axes, both by accelera- 
tion of rate of initiation and by increase in total numbers produced on an axis, 
after watering was resumed. 

University of Chicago 
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QUANTITATIVE STUDY OF ETHYLENE PRODUCTION IN 
RELATION TO RESPIRATION OF PEARS^ 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 538 
ELMER HANSEN 
(with seven figures) 

Introduction 

Recent investigations have shown that volatile substances other than carbon 
dioxide are produced by apples (2, 4), pears (8), and certain other fruits (15). 
These emanations, although present in minute amounts, have been found to in- 
fluence the respiration and other metabolic activities associated with ripening 
processes. That the active principle concerned with producing these effects is 
ethylene has been established definitely (3, 9, 20). In view of these findings, the 
factors associated with the formation of ethylene in fruits and its production in 
relation to other phases of metabolism have been studied. 

Gane (4) has measured the quantity of combustible emanations from Marie 
Louise pears and found that the amounts produced increased rapidly at the climac- 
teric. With apples he found some indication that the more rapidly respiring vari- 
eties were in general more active in the production of volatiles. Kidd and co- 
workers (12) have estimated by combustion the total carbon-containing substances 
other than CO2 which are evolved during the ripening of Conference pears stored 
at 10° C. and found that the maximum rate of production of these emanations 
corresponded to the maximum of the initial rise in respiratory activity. They did 
not find that this increase was due to an increase in the rates of escape of alcohol 
and acetaldehyde. Gerhardt and Ezell (5), using concentrated sulphuric acid 
as an absorbent, studied the emanation of volatiles in relation to respiration of 
Bartlett pears during ripening at 6 $° F. and found that the climacteric for respira- 
tion preceded that for total volatiles by approximately 7 days. They state, how- 
ever, that a considerable portion of the emanations from fruits of this variety 
may result from the gross liberation of acetaldehyde from the tissues. 

The development of microchemical methods (i, 16, 20) for the determination 
of ethylene has made it possible to isolate ethylene from all other volatile com- 
pounds produced by fruits and to estimate it separately. Nelson (16), by use 
of a potassium-permanganate oxidation method, has made a quantitative study 
of ethylene production by apples and bananas and has shown that an apparent 

^ Published as technical paper no. 384, with the approval of the Director, Oregon Agricultural Experi- 
ment Station, as a contribution of the department of horticulture of this Station. 
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relationship exists between the keeping qualities of apples and the amounts of 
ethylene which they produce. 

The present investigation was undertaken for the purpose of making a quantita- 
tive study of ethylene production in relation to respiration of pears. The emana- 
tion of this gas during ripening in air at 20° C.-— and under conditions by which 
respiration was altered by changes in temperature and oxygen tension--has been 
studied. 

Material and methods 

Source and handling of fruit. — The three varieties of pears— Bartlett, 
Doyenne du Comice, and Beurre d’ Anjou— used in this investigation were ob- 
tained from the Medford, Oregon, district. The fruit was picked at the regular 
commercial picking date for the variety, packed in oil wraps, and stored at C. 
(32° F.). During the fall of 1939, the fruit was shipped under refrigeration to the 
University of Chicago, where the experimental work for the first season was car- 
ried out. The methods used in handling the fruit after removal from cold storage 
varied with different lots, as later specified. 

Analytical methods. — The method for determining the CO2 and O2 of respira- 
tion was that of Haller and Rose (7) as modified by Masure (14). Approxi- 
mately 2.5 kilograms of fruit were inclosed for 15-20 hours each day in large 
desiccators. Oxygen was supplied from calibrated 2.5-liter bottles connected to 
the desiccators by means of i-mm. capillary tubing. The oxygen inlets were fitted 
with mercury valves to prevent backward diffusion of air and the evolved ethylene 
into the oxygen-supply bottle. The fruit was held at 20° C. (69"^ F.) during ripen- 
ing, except for certain experiments as later specified. The use of this method (in 
which the fruit is kept in a confined air space) made it possible to determine CO2, 
O2, and ethylene on the same fruit sample. In this procedure the evolved ethylene 
accumulates in the desiccators during confinement of the fruit, and this fact must 
be taken into consideration in interpreting any data obtained. The recent work 
of Kidd and West (ii) and Hulme (10), however, has shown that mass lots of 
fruit cannot be kept free from ethylene, even where ventilated, so that it tends to 
exert an effect under any method used unless individual fruits are kept isolated 
from one another. 

Ethylene was estimated by the micro-bromination method previously described 
(i, 9). In order to utilize a larger gas sample for analyses than originally specified, 
the following modified procedure was used. After an aliquot of the potassium- 
hydroxide solution had been withdrawn for titration, the desiccator was con- 
nected to a 2 20-mI. gas-sampling bulb and a sample of air for ethylene analysis 
withdrawn. Then 0.2 ml. of 28 per cent ammonium-hydroxide solution was intro- 
duced from a pipette connected to the side arm of a three-way stopcock on the 
lower end of the sampling bulb by means of a short piece of rubber tubing. The 


1942 ] 


HANSEN— ETHYLENE PRODUCTION 


S4S 


leveling bulb was then raised and the ammonia — together with approximately 
10 ml. of mercury — was allowed to mix with the gas sample. The bulb was then 
shaken and allowed to stand for 15 minutes to insure complete absorption of any 
acetaldehyde present. A portion of the gas sample was finally passed slowly 
through the purification unit, as previously described, and collected over mercury 
in a ioo~ml. gas burette. 

To a 125-ml. reaction flask, identical in design except for size to the one previ- 
ously described, was added 10 ml. of 0.0025 N potassium bromate and i ml. of 
6 N sulphuric acid. The flask was evacuated to approximately 27.5 inches of mer- 
cury, connected to the burette, and the purified ethylene sample then drawn in 
by opening the stopcocks and raising the leveling bulb. Since mercury brominates 
readily, care was taken to prevent its introduction into the flask. To guard against 
this, a short piece of ordinary tobacco pipe-cleaner was inserted into the capillary 
outlet of the gas burette. After introducing the gas sample, 2 ml. of N/io potas- 
sium bromide was added from a pipette connected by rubber tubing to the reac- 
tion flask. The flask was then shaken for 1 5 minutes on a horizontal mechanical 
shaker operating at approximately 100 oscillations per minute. Two ml. of 2.5 
per cent potassium iodide was then introduced. After vigorously shaking the solu- 
tion, a wash bottle was connected to the flask and the neck washed down by draw- 
ing in water by means of the residual vacuum. T5 insure complete absorption of 
the free bromine, the flask was allowed to stand for 2 minutes, with occasional 
gentle rotation. The stopcock was then removed, rinsed down carefully with dis- 
tilled water, and the solution titrated with 0.0025 N sodium thiosulphate from a 
10 X 0.02 micro-burette. Duplicate determinations were made on each gas 
sample. 

Experimental results 

Relation oe ethylene production to respiration during ripening 
AT 20° C. before and after storage at 0° C. 

In order to follow the trend of ethylene production in relation to respiration 
during ripening, samples of fruit were withdrawn at different intervals throughout 
the storage period and ripened at 20° C. Two varieties of pears were used for 
these studies. One lot of Bartletts was ripened immediately after picking and the 
second after being held in storage for 3 months. Five lots of Anjous were with- 
drawn at approximately monthly intervals, beginning on the third month. The 
CO2 and O2 of respiration, as well as the amounts of ethylene evolved, were de- 
termined daily during ripening. ■ 

The Bartlett pears ripened immediately after picking showed a low rate of 
respiration as well as emanation of ethylene at the beginning of the experiment 
(fig. i). Both processes began to increase at the same time, but the peak in ethyl- 
eae production was reached one day earlier than the maximum for respiration. 


ML.PER KSM.-HR. ML. PER KG M.-24 HRS. 
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Figs, i , 2 .—Fig, i (top) , ethylene production and respiration of Bartlett pears during ripening before 
and after storage at 0° C, Fig. 2 (bottom), ethylene production and respiration of Anjou pears during j 

ripening after progressive storage periods. 
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During the post-climacteric period, ethylene production and oxygen consumption 
fell off rapidly, while the production of CO2 showed a much slower rate of decline. 
The ratio CO2/O2 changed markedly during the course of ripening. At the be- 
ginning the value was approximately 0.8. At the climacteric, when the fruit was 
fully ripe, it had increased to unity but rose to i .4 at the termination of the ex- 
periment. These wide changes in the respiratory quotient indicate that qualita- 
tive as well as quantitative changes occur in respiration during ripening. 

The sample of Bartlett pears held for 3 months in cold storage was still fairly 
firm but had begun to show a yellow color when withdrawn for ripening. The 
fruit became fully ripe after being held for 4 days at 20° C. The curves for respira- 
tion and ethylene production for this lot differ in some respects from those of the 
fruit ripened immediately after picking. The peak in respiration was reached on 
the second day as compared with the fifth day for the first lot. Ethylene produc- 
tion was at a maximum on the second day and declined steadily thereafter, finally 
falling below the amount that could be quantitatively measured. 

The data for the Anjou pears are presented in figure 2. In the first lot ripened, 
ethylene production remained at a very low level (0.009-0.03 ml. per kg./24 
hour) for 7 days before a steady rise began. During the following 6 days there 
was a twenty-three-fold increase, followed by a sharp decline when the fruit 
became overripe. The curves for samples of fruit ripened at later dates are similar, 
except that the increase in ethylene production began immediately on transfer 
to the higher temperature. 

Certain differences were observed in the trend of respiration during ripening 
of fruit withdrawn at different dates during the storage period. In the first sample, 
CO2 output and O2 intake remained at a low level for 7 days and then approxi- 
mately doubled during the following 6 days. The peak in respiration coincided 
very closely with the peak in ethylene production. For the samples of fruit with- 
drawn at later dates there was a steady increase in the initial rates of CO2 pro- 
duction and O2 consumption, so that the sharp incline characteristic of the cli- 
macteric rise was of shorter duration. In the last sample of fruit ripened, a sec- 
ondary increase in respiration occurred during the post-climacteric period. No in- 
crease in rate of ethylene production occurred during this final rise in CO2 output 
and O2 intake. Kidd and co-workers (12) have reported that total combustible 
volatiles of Conference. pears do not increase during the secondary rise in respira- 
,tion., ■ ■ 

Table i presents the initial and maximum rates of evolution of CO2 and ethylene 
for each lot of fruit ripened at the different dates during the storage period. The 
relative increases, calculated as maximum rate/initial rate, are also given. 

The data of table i indicate certain well-defined trends for respiration and for 
ethylene production during storage and ripening. There is a progressive increase 
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in the initial rate of respiration for each lot of fruit when removed from cold, storage 
to warm temperature. In the Bartletts this increase was from 11.61 to 25.90 ml. 
per kg.-hour, and in the Anjous from 9.45 to 18.23 kg. -hour. The initial 

rates of ethylene production likewise showed distinct indication of increasing. In 
Bartletts the range was from 0.49 to, 4.39 ml. per kg.-day and in Anjous from 
0.009 to 0.12 ml. per kg.-day. As shown in the table, the relative increases during 
the climacteric are much greater for ethylene production than for respiration. 
This may indicate that the two processes are not directly related. Additional evi- 


TABLE t 

Initial an,d maximum rates of carbon dioxide and k'I'hvlene production 

AT 20® C. AFTER DIFFERENT PERIODS OF STORAGE A'!’ o° C . 


Months stored 

Rate op respiration 

(ml, per kg .-ho UR) 

Rate op ki’hvlkxe pR(jDUfTK)N 
(mj.. per kg. 

Initial 

Maxuvium 

Increa.se 

Initial 

Maximi.'m , Increase 

t 


Bartlett 

0 

II .61 

33-03 

2.85 

0 , 490 

3-23 

6 . 63 

3 

25.90 

39 89 

1.54 

4.390 

4..|8 

I .ox 


Anjou 

2 

9-45 

18.79 

1.99 

0.009 

0 

'-..j 

0 

0 

7S.80 

4 

15.76 

20.72 

1. 31 

0.0x0 

0.726 

7 2 . 60 

5 

16.03 

19.89 

1 .24 

0.06s 

0.570 

8.77 

6 

15.60 

21 .00 

1-35 

0.105 

0.761 

7.25 

7 

18.23 

23,27 

1.28 

0.120 

0.782 

6.52 


dence in favor of this view is shown by the wide varietal differences in respiratory 
activity and ethylene production. The maximum rate of respiration for Bartlett 
pears is approximately double the rate for Anjous, yet the maximum rate of 
ethylene production is six or seven times greater in Bartletts than in Anjous. 

The production of ethylene in relation to respiration during ripening of pears 
is distinctly different from that for apples and bananas as reported by Nelson 
(17, 19). He found that during the climacteric for these fruits, ethylene produc- 
tion decreased but increased again in the post-climacteric stage. Thus there was 
an inverse correlation between the emanation of ethylene and the production of 
CO2. He suggested that ethylene was “consumed' ’ during respiration and pre- 
sented experimental evidence to that effect (18). If ethylene is metabolized during 
respiration of pears, the highest rate must occur when respiratory activity is low, 
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since the highest rates of ethylene production were found to coincide with the 
highest rates of respiration. No experimental evidence could be obtained, how- 
ever, that ethylene is oxidized or otherwise metabolized by pears when respira- 
tory activity is either high or low. Pure ethylene in small amounts was added to a 
desiccator containing Anjou pears in all stages of ripeness. There was an initial 
loss during the first 2 hours, probably due to adsorption of the gas on the glass 
walls and diffusion into the fruit; no further loss could be detected. The apparent 
discrepancies found between the emanation of ethylene and the respiration of 
pears cannot be explained on the assumption that ethylene is metabolized by the 
fruit. 

No explanation is apparent at the present time for the differences in the rela- 
tion of ethylene production to respiration of pears and apples. The time relation 
for the occurrence of the climacteric is different for the two fruits, and this fact 
may have some bearing on the discrepancy found. In apples (as well as in ba- 
nanas) the climacteric precedes actual ripening of the fruit. In pears, however, 
ripening begins with the climacteric rise, and at the initial respiratory maximum 
the fruit is fully ripe. 

Production or ethylene in relation to respiration under 

CONDITIONS OE ALTERED TEMPERATURES 
AND OXYGEN CONCENTRATIONS 

The data presented in the previous section have shown that ethylene produc- 
tion and respiration do not follow precisely parallel courses during ripening at 
20° C. Since respiration can be altered by several experimental treatments, the 
production of ethylene under similar treatments was investigated. 

The production of ethylene when fruit is maintained under anaerobic condi- 
tions was investigated first. For this experiment, three lots of Bartlett pears 
which had been in storage for 3 months were used. The fruit was kept in air for 
the first day. On the second day the air in the several desiccators was displaced 
with nitrogen, hydrogen, and helium, respectively. On the third day all lots were 
again transferred to air. Determinations of CO2 and ethylene were made daily. 

It is apparent from the results obtained (fig. 3) that the emanation of ethylene 
is not associated with the production of CO2 under anaerobic conditions. Upon 
transfer of the fruit to oxygen-free atmospheres, ethylene production was either 
greatly retarded or totally inhibited. When transferred to air, emanation again 
took plaice. The production of CO2 under aerobic and anaerobic conditions, how- 
ever, changed very little. 

This experiment was repeated the following season on newly-picked Bartlett 
pears. One lot of fruit was kept for 3 days in air, transferred to nitrogen on the 
fourth day, and then maintained in air for an additional 5 days. A second lot was 
kept continuously in air. The results are shown in figure 4. 
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The sample of fruit confined continuously in air showed the usual climacteric 
rise and increase in ethylene production followed by the sharp decline shown 
previously for pre-climacteric pears. The behavior of the treated lot, however, 
was decidedly different. On transferring the fruit from air to nitrogen, the rate 
of ethylene production declined below the amount quantitatively determinable. 
Respiration as measured by CO2 showed very little change. On transfer from 
nitrogen to air, ethylene production increased to slightly above the maximum rate 
for the control fruit, and thereafter ethylene production in both lots declined at 
approximately the same rate. The production of CO2, on the other hand, declined 
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Fig. 3. — Comparative production of ethylene by Bartlett pears under aerobic and anaerobic condi- 
tions. 


the first day following nitrogen treatment, then increased slightly before showing 
the senescent decline. The striking feature shown in this experiment is that sub- 
jecting the fruit to anaerobic conditions for i day prevented completion of the 
climacteric rise. In spite of this fact, ethylene production rose from zero to slightly 
above the maximum rate shown by the fruit held continuously in air. It has been 
possible, therefore, experimentally to decrease the magnitude of the climacteric 
without altering the usual trend of ethylene production. 

The effect of temperature on respiration and ethylene production was also in- 
vestigated. For these experiments Comice pears which had been kept in storage 
for 2 months were used. The fruit was brought directly from 0° C. storage, care- 
fully sorted into five uniform lots, and then placed in constant temperature cabi- 
nets maintained at 0°, 10°, 20°, 30°, and 40° C., respectively. After the tempera- 
ture of the fruit had reached the respective air temperature, it was placed in 





B^ig. 4. — Effect of nitrogen storage of Bartlett pears on subsequent production of ethylene and respira- 
tion in air. Lot i held continuously in air at 20° C. Lot 2 transferred to nitrogen on second day but 
held continuously in air thereafter. 
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desiccators and supplied with oxygen as previously described. Determinations of 
CO2 and ethylene were made after 24 hours. One-half of each lot was then used 
for the determination of the internal concentration of CO3 and O2. The remainder 
of the fruit was kept for an additional s days for soluble pectin analyses. 

That changes in temperature do not affect ethylene production and respiration 
to the same degree is apparent from the data obtained (fig. 5). Between 0° and 
20®, ethylene and CO2 production both increased, the former reaching a maximum 
at the higher temperature. From 20*^ to 40°, CO2 production continued to increase 
steadily but the rate of ethylene evolution declined sharply, reaching a zero value 
at 40"^. The rate of soluble pectin formation also increased up to 20"^, but declined 
thereafter. It is known from previous experiments (21) that the ripening of pears 


TABLE 2 

Effect of temperature on CO. and o , 

CONTENT OF COMICE PEARS 


Temperature (° C.) 

i 

Percentage CO2 

Percentage Oj. 

0 

9-99 

26.61 

10 

18.56 

16. 1C) 

20 

23.33 

12.62 

30 

30.50 

6.57 

40 

j 

27.50 

4.51 


is retarded by high temperatures, but the significant fact shown in the present 
experiment is that ethylene production is similarly retarded. 

The data presented in table 2 show that with increase in temperature there is 
an increase of CO2 and a decrease of O2 in the fruit tissues. From these data it 
could be assumed that at high temperatures, oxygen became a limiting factor so 
that no ethylene was produced. To investigate this possibility, the following ex- 
periments with Bartlett pears were carried out. One lot of fruit was maintained 
continuously at 20° during ripening. A second lot was kept for 2 days at 20°, 
then transferred to 40° for 2 days, and finally returned to 20® for i day. Oxygen 
consumption in addition to ethylene and CO2 production was measured daily. 

As shown in figure 6, ethylene production declined from approximately 4 ml. 
per kg.-day to zero on transfer of the fruit to the higher temperature. In contrast, 
respiration as measured by either CO2 or O2 greatly increased, the RQ being 
slightly greater than unity at 40*^ C. When transferred to 20°, emanation again 
occurred, showing that destruction of the ethylene precursor or enzyme system 
had not taken place. 

In a second experiment the effect of increasing the concentration of oxygen in 
fruit held at 40° was investigated. The first day the fruit was confined* in air. 
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The second day the same oxygen concentration was maintained, but the tempera- 
ture was raised to 40°. On the following day the concentration of oxygen was in- 



DAYS 

Figs. 6, y.—Fig. 6 (top), effect of temperature on ethylene production and respiration of Bartlett pears. 
Fig. 7 (bottom), effect of increasing oxygen tension of Bartlett pears held at 40° C. on ethylene produc- 
tion and respiration. 

creased to 50 per cent. On the final day at the higher temperature the fruit was 
cut into quarters but retained in 50 per cent oxygen. 

The data (fig. 7) show that increasing the oxygen concentration to 50 per cent 
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or increasing the absorptive surface by quartering the fruit had no effect on 
ethylene production at 40"^. There was a small amount of ethylene found the first 
day on transfer to high temperature, but the production dropped to zero there- 
after. Oxygen consumption as well as CO2 production increased with rise in tem- 
perature, clearly demonstrating that aerobic respiration was taking place. In 
spite of this fact, no ethylene was produced. It could be assumed that probably 
the high content of CO2 in the tissues inhibited ethylene production, or that 
ethylene was metabolized by the fruit when kept at high temperatures. Both 
these possibilities were investigated but with negative results. Ethylene produc- 
tion was found to be retarded but not inhibited in a mixture of 33 per cent CO2 
and 21 per cent O2. Nor could any loss of ethylene be detected at 40® when small 
amounts of the gas were added to the desiccator according to the method used by 
Nelson (18). 

Analysis of the gases extracted from pears kept at 40° showed no ethylene pres- 
ent. The addition of synthetic ethylene to fruit maintained at high temperatures, 
however, did not have any effect on ripening, the fruit remaining hard and green 
after 6 days’ treatment. These data show that the mere presence of ethylene in 
the tissues is not sufficient to bring about ripening of the fruit under these condi- 
tions. Apparently the specific reaction from which ethylene is formed as a product 
must take place when the fruit ripens. 

Effect of H2S and HCN as respiratory inhibitors 

The data presented in the previous section strongly indicate that ethylene pro- 
duction is associated with a special oxidative system which is inhibited by high 
temperature. The amount of oxygen required for the functioning of this system 
apparently is smaller than could be detected or accurately measured by the 
methods used. Since certain of the oxidative enzymes are known to be inhibited 
by such substances as HaS and HCN, response of the specific enzymes associated 
with respiration and ethylene production might differ in relation to these reagents. 
To investigate this possibility, Anjou pears in the post-climacteric stage were 
treated with H2S and HCN in concentrations ranging from o.i to 4 per cent. 
The results obtained from these experiments have been inconclusive. Neither 
ethylene production nor oxygen consumption was affected by these reagents at 
the low concentrations found to be effective on other kinds of plant structures. 
At higher concentrations than those generally used, both oxygen uptake and 
ethylene production were partially inhibited. In one experiment a concentration 
of 4 per cent H2S completely inhibited ethylene production and greatly retarded 
oxygen consumption. The fruit, however, showed severe injury after 2 days’ ex- 
posure and did not ripen when treatment was terminated. The only conclusion 
that can be made at the present time from these data is that fruit in the post- 


1942] HANSEN— ETHYLENE PRODUCTION SSS 

climacteric stage is not sensitive to the low concentrations of HaS or HCN found 
to retard respiration in other kinds of tissues. It is possible that the reaction of 
enzymes to these substances is not the same at all stages of development of the 
fruit. Marsh and Goddard ( 13 ) found the respiration of young carrot leaves to 
be inhibited by NaN3, HCN, and CO, but when the leaves became older the 
respiration was not affected by any of these poisons. 

Discussion 

The quantitative data obtained during the course of this investigation show 
that the production of ethylene is a definite part of the metabolism of mature 
pears. If the formation of ethylene resulted from a chance reaction, then it would 
be expected that emanation of the gas would be erratic and follow no well-defined 
trend. This has not been found to be the case. Each sample of fruit ripened at 
20 ° C. showed the same general trend of production — an initial increase during 
the climacteric rise, the attainment of a maximum rate, and a decline during the 
senescent period. Moreover, each of the varieties studied over an extended period 
was found to have a definite, characteristic maximum rate of production, and this 
value varied but little among the different lots of fruit ripened. It may be con- 
cluded that the formation of ethylene is an integral part of the metabolic activities 
of mature pears. This fact is significant in that it forms the basis for the consider- 
ation of ethylene production in relation to other phases of fruit metabolism. 

Determinations of the rate of ethylene production and of respiration were car- 
ried out simultaneously on the same samples of fruit. The results show that the 
two processes follow somewhat the same general trend during ripening, but no 
indications that ethylene production is directly related to respiration were found. 
In the first place, the relative increase in ethylene production during the climac- 
teric rise is out of all proportion to the increase in the rate of respiration as meas- 
ured by either CO2 or O2. Thus, respiratory activity approximately doubles dur- 
ing this initial stage of ripening, while ethylene production increases seven- to 
eighty-fold, depending upon the variety and length of time it has been held in 
cold storage prior to ripening. During the post-climacteric stage, the emanation 
of ethylene declines rapidly, but respiration, especially as measured by CO2, de- 
clines at a much slower rate. Moreover, the last sample of Anjou pears ripened 
late in the storage season showed a secondary rise in respiration during senes- 
cence, but this was not accompanied by a similar rise in ethylene production. 
Additional evidence that the production of ethylene and respiration are not nec- 
essarily directly related is shown by the wide differences in the ratio CO2/C2H4 
for the two varieties of fruit studied. During the climacteric, Bartlett pears re- 
spire at approximately double the rate for Anjou, yet the rate of ethylene produc- 
tion is six or seven times greater in the former variety. 
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When pears were subjected to experimental alterations in oxygen tension and 
temperature, ethylene production and respiration were found to become even 
more widely separated. In oxygen-free atmospheres the formation of ethylene 
was either greatly retarded or entirely inhibited. In contrast, the rate of CO2 
evolution was changed but little by this treatment, showing that the formation 
of ethylene is not correlated with CO2 production under anaerobic conditions. 

Further evidence that ethylene production and respiration are not directly re- 
lated is shown by their difference in response to high temperatures. From o® to 
20° C., the Qio for the two processes was found to be approximately the same. 
At higher temperatures, however, the responses were entirely different. Respira- 
tory activity continued to rise with increase in temperature beyond 20°. On the 
contrary, ethylene production declined rapidly, and at 40® C. no emanation could 
be quantitatively detected. That oxygen supply is not a limiting factor under 
these conditions has been shown. Thus, even though the rate of aerobic respira- 
tion was greatly accelerated at 40^, the production of ethylene was entirely in- 
hibited, apparently by the inhibition of the reactions associated with its formation. 

Since there appears to be no positive correlation between ethylene production 
and respiration under either anaerobic or aerobic conditions, it seems necessary 
to postulate that the formation of ethylene is not directly associated with that 
phase of respiration responsible for the major portion of the CO2 produced and 
O2 consumed. It can by no means be assumed, however, that the method of 
formation of ethylene is to be considered as entirely separate and distinct from 
the respiratory mechanism in fruits. Respiration in fruits, as in certain other 
plant structures (6, 22), may consist of several distinct but interrelated systems— 
some requiring oxygen, others not; but each contributes to the total amount of 
CO2 being measured. According to this concept, the total amounts of O2 con- 
sumed or CO2 produced by the fruit will not necessarily be correlated with the 
activity of each individual system of the respiratory complex. 

Summary 

1. A quantitative study of ethylene production in relation to the respiration of 
pears has been made. The emanation of ethylene in air at 20® C., as well as at 
higher and lower temperatures in modified atmospheres, has been studied. 

2. In fruit in air at 20 ^ C. the rate of ethylene production increases during the 
climacteric rise in respiration, reaches a peak at the respiratory climax, then de- 
clines during the post-climacteric period. During the climacteric rise, ethylene 
production increases seven- to eighty-fold, while rate of respiration approximately 
doubles. 

3. Each variety was found to have a characteristic maximum rate of produc- 
tion. The maximum rate for Bartlett, a variety which maintains its capacity to 
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ripen for only a short period of time when kept at a storage temperature of 0° C., 
is 3.25“4.48 ml. per kg.-day. The maximum rate for Anjou, a variety which main- 
tains its capacity to ripen for a long period of time when kept at cold storage tem- 
peratures, is 0.57-0.78 ml. per kg.-day. The maximum rate of respiration for Bart- 
lett is approximately double that for Anjou. 

4. Under anaerobic conditions, the production of ethylene is either greatly re- 
tarded or entirely inhibited. In the fruits used for these experiments, there was 
found but little difference in the production of CO2 under aerobic and anaerobic 
conditions. 

5. The maximum rate of ethylene production occurs at 20® C. At higher tem- 
peratures production decreases and is totally inhibited at 40*^ C. Respiratory ac- 
tivity as measured by either CO2 production or O2 consumption is greatly ac- 
celerated between 20"^ and 40^ C. 

The writer expresses his thanks to Dr. C. A. Shull and others of the botany 
department of the University of Chicago for their assistance, and to Professor 
F. C. Reimer, Superintendent of the Southern Oregon Experiment Station, for 
supplying the fruit used in this investigation. 

School or Agriculture 
Oregon State Agricultural College 
Corvallis, Oregon 
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GAMETOPHYTES OF MARATTIA SAMBUCINA 
AND MACROGLOSSUM SMITHII 

ALMA G. STOKE Y 
(with thirty figures) 

Introduction 

The sporophytes of the Marattiaceae show considerable range in form and size, 
but the gametophytes are decidedly uniform. They are sufficiently different from 
the gametophytes of the leptosporangiate ferns as to be easily recognized. Descrip- 
tions varying in their fullness have been given of the gametophytes of the following 
species: Angiopteris evecta by Luerssen (13), Farmer (8), Schmelzeisen (14), 
and Haupt (9); A. pruinosa and Angiopteris sp. by Jonkman (ii, 12); Macroglos- 
sum alidae by Campbell (7) ; Marattia cicutaefolia by Luerssen (13) ; M . fraxinea, 
M. weinmannifolia, M. kaulfussii, and M. versckaffeltiana by Jonkman (ii, 12); 
M. douglasii by Campbell (3); M, data by Schmelzeisen (14); Danaea sim- 
plicifolia by Brebner (2); D.jenmanii^ D. elliptical and D. jamaicensis by Camp- 
bell (s, 6); and Kaulfussia aesculifolia by Campbell (4). 

Material and methods 

The spores of Marattia sambucina Bl. were collected by the writer from plants 
growing wild in a rich moist ravine in the forest near the Botanical Garden at 
Tjibodas, Java, in June, 1931, and July, 1937. The set of cultures started in 1931 
grew for 2 years; the second set, started in Java in 1937, are still growing at Mount 
Holyoke College. The work on Macroglossum smiihii (Rac.) Campbell is based on 
a set of cultures from spores collected in 1931 from a plant in the Botanical 
Gardens at Buitenzorg, which is doubtless the plant to which Campbell refers in 
his discussion of the relation of M. smithii to M. alidae (7). Germination stages 
were obtained on distilled water and later stages on peat by methods described 
previously (15). Fresh prothalli were used for the study of germination stages, 
habit, rhizoids, external aspect, and distribution of sex organs. A weak chromo- 
acetic acid with a few drops of osmic acid gave the most satisfactory results in 
killing and fixing, but formalin-acetic acid and a modified Navashin’s fluid were 
also good. It is more difficult to get satisfactory preparations of the prothalli of the 
Marattiaceae than of other families of ferns, probably because of the heavily 
cutinized cells surrounding the delicate internal tissues. 

The early work was carried out in the Treub Laboratorium, Buitenzorg, Java. 
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The cultures were brought to the United States and the work continued in the 
laboratories of Mount Holyoke College and the Marine Biological Laboratory, 
Woods Hole, Massachusetts. 

Observations 

Spore germination and vegetative stages 

The spores of Marattia samhucina are pale yellowish tan, bilateral and elongated, 
with a lengthwise ridge. The wall is slightly thickened and roughened. No radiate 
spores were found, but there were many spores- — neither elongated nor thickened— 
which appeared to be immature and which failed to germinate. The spores become 
distinctly green before the spore coat ruptures. The cracking of the coat was seen 
i6 days after planting. There was good germination and sufficient growth 25 days 
after planting to give the peat the characteristic dark green color of the Marat- 
tiaceae. There is great enlargement of the primary cell before the first division 
occurs; this usually cuts off the first rhizoid-bearing cell, although four or live cells 
may form before a rhizoid develops. The chloroplasts are conspicuous in the rhi- 
zoid and may persist for considerable time, not only in the primary rhizoid but in 
those formed much later (figs, i, 9a, 6). The next divisions result in a plate, and 
the plate develops into a mass. The division in the third plane may begin when 
there are only four cells, or it may not occur until later. The early thickening may 
not involve all the cells, as in figure 2, in which only the basal portion of the 
thallus is two cells thick. No case was seen in which there was a filamentous stage 
at germination, although there were many irregularities. The apical cell may ap- 
pear just after the quadrant stage but usually not until later. The next stages lead 
gradually to the development of a heart-shaped thallus. A midrib is formed which 
is not necessarily continuous with the thickened base. The wings are two cells 
thick, except for the margin which is one cell thick and the region near the midrib 
which may be heavier. Like all the gametophytes of the Marattiaceae which have 
been described, they are notable for their dark green color. Crowded prothalli may 
be distinctly slender and have a blunt tip. No filamentous ameristic prothalli were 
found. When growth is continued for several years under varying conditions, there 
may be periods in which rib development is dominant and little or no wing is 
formed (figs. 6, 7, 8); but under conditions which are probably more favorable 
there is development of wing as well as midrib (fig. s). The wings are usually flat, 
and while they may become irregular they are not ruffled as in Gkichema. Branch- 
ing is not uncommon in gametophytes several years old; and old gametophytes, 
branched or unbranehed, usually show irregular margins. The branching prothal- 
lus in figure 3 was 27 months old and had four apices, three of which were produc- 
ing archegonia. If fertilization does not occur, the gametophytes under culture 
conditions may grow indefinitely and in 3 or 4 years may attain a length of 2 5-3 5 
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mm. The structure of a midrib in a region in which there were many old archego nia 
is shown in figure 4. As is often the case in old prothallia, there is abundant storage 
of starch. The difference in size which commonly exists between the superficial and 
the internal cells may be noted. The layer of heavily cutinized cells on both dorsal 



Figs. i-io. — Figs, i-g, MarafUa samhicina: Fig. i, stage shortly after germination of spore. Fig. 2, 
two views of young prothallus, posterior portion two cells thick. Fig. 3, prothallus 27 months old. Fig. 4, 
cross section, of midrib containing starch. Figs. 5-8, cross sections of prothalli through portions showing 
variation in midrib and wing development; shading indicates chlorophyll-bearing cells; stippling indicates 
starch. Fig. 9, young rhizoids from prothalli 4 years old; a and & contain disintegrating chloroplasts. 
Fig, 10, Macroglossum smithii, prothallus 13 months old bearing many archegonia and antheridia. 

and ventral surfaces seems to constitute a physiological epidermis. Figure s shows 
a section cut from a fresh prothallus in which the wings and upper parts of the mid- 
rib were deep green, but the rest of the midrib was colorless and contained much 
starch, particularly in the lower layers of cells. The midrib may be green through- 
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out (fig. 7), only the surface layers may be green (figs. 6, 8), or only the upper layer 
(fig. 5), Figure 7 shows a thallus in which the starch was stored in the center^ in 
cells smaller than those of the surrounding tissue, which were formed by secondary 
division of the large internal cells. 

The rhizoids of M. sambucina are colorless, long, stout, and cutinized. In general 
they are limited to the midrib, and the production may be intermittent. A few old 
gametophytes were found to have septate rhizoids which were truly multicellular, 
with a nucleus in each cell (fig. ga). The multicellular rhizoids consist of two to five 
cells and were found in the tufts of unicellular rhizoids, but were always in a 
minority. The production of septate rhizoids was not of rare occurrence in the old 
gametophytes examined but was not common enough to be considered charac- 
teristic. Young rhizoids — both unicellular and multicellular — containing chloro- 
plasts were found on prothalli 3-4 years old (fig. 9a, b). 

The presence of an endophytic fungus has been reported for the gametophytes 
of the Marattiaceae collected in the open. Naturally no fungus was found in the 
gametophytes under investigation, which were grown on sterilized peat. Their 
vigorous growth and normal development support the view that the fungus is of 
little or no importance in the life of the gametophyte. 

Regeneration occurs vigorously under certain conditions. The margin or even 
the surface of an old thallus may develop such a large number of regenerated 
growths as to suggest a rosette. The buds usually form a quadrant, much like a 
young thallus growing from a spore, and then— if space permits~the development 
proceeds as in a young pro thallus (figs. 26, 27). Crowding prevents symmetrical 
development in many cases. Thickening of the posterior portion of the new thallus 
may occur early, with the anterior portion remaining one cell thick for a consider- 
able time and sometimes broadening into a fanlike form by marginal growth. The 
regenerated branch may give rise to other regenerated branches before separation 
from the parent thallus takes place. In general, the rhizoids develop later than on 
similar structures in the Polypodiaceae. Small antheridia may appear on the young 
regenerated growths before separation from the parent thallus is complete (fig. 30), 
The spores of Macroglossum smithii are of the radiate type and are pale in color. 
No elongated spores were seen. Germination was abundant. The germination and 
early stages were followed less closely than those of MaraUia samhucim, but all 
stages seen suggest the same range in form and the same type of development from 
germination of the spore until maturity of the sex organs. The gametophytes have 
the deep green color characteristic of the family. The wings, while not perfectly 
regular, are not curled or crisped but usually lie flat. The midrib may become very 
heavy, and the proportion of wing to midrib varies under certain undetermined 
conditions, as in if. sambucina (fig. 10). Unlike MaraUia^ the wings tended to 
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remain one cell thick, as Campbell noted for Macroglossum alidae; but no prothal- 
lia were in culture as long as those of Marattia. The rhizoids are long and colorless, 
holding the thallus close to the ground. No multicellular rhizoids were found. 

Reproductive structures 

Antheridia were abundant on prothalli of Macroglossum 5 months old but did 
not appear on Marattia until the prothalli were 8 months old, and they were never 
quite as abundant as on Macroglossum, They appear first on the ventral side but 
may soon be found on the dorsal side as well. Archegonia were found on both 
species when the gametophytes were about i year old. As all the cultures were 
started in June or July and brought to the United States in September, it is possible 
that the weaker light of late autumn and early winter retarded the development of 
the prothalli and delayed the formation of sex organs. The production of an- 
theridia usually continues throughout the life of the gametophyte, but after the 
production of archegonia begins the antheridia may develop chiefly on the dorsal 
surface. Antheridia may continue to form when conditions become unfavorable for 
the formation of archegonia. 

The development of the antheridium of the two species is apparently just like 
that described for other species of the Marattiaceae. It is initiated in the primary 
antheridial cell by a periclinal division, which separates the primary cover cell from 
the primary spermatogenous cell (fig. 22). In the formation of small or medium- 
sized antheridia the primary cover cell undergoes three divisions, and four in the 
case of large antheridia, forming in the center a triangular opercular cell (figs. 21, 
25). Secondary divisions may occur in one or more of the cover cells surrounding 
the opercular cell. There is a great range in the size of mature antheridia. An- 
theridia on regenerated branches may show only 1 5 to 30 sperms in a median sec- 
tion, but on vigorous young gametophytes the number is likely to range from 50 
to 80, while on vigorous large prothalli the range may be from 140 to 170, a number 
considerably larger than that usually credited to the Marattiaceae. The antheridia 
shown in figures 23 and 24 are not exceptional for Macroglossum smithiiy and an- 
theridia equally large or larger may be found on Marattia sambucina. The sper- 
matocyte mass is surrounded by a mantle or jacket layer cut off from the surround- 
ing cells— except on the side adjoining the cover cells (figs. 21, 23, 24). In longi- 
tudinal section it can be seen that the mantle layer is sometimes incomplete. 

Stages in the development of the archegonium of Marattia sambucina dim giNtn 
in figures ii”i6. In the development of the archegonium of M: sambucina a basal 
cell was found to be a characteristic feature. In Macroglossum smithiij on the con- 
trary, the archegonium more frequently develops without a basal cell (fig. 19), 
although such a cell may form occasionally (fig. 18). The neck and axial row are 
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formed by the usual divisions of the primary cells, as given in detail by Haupt (9). 
The neck of both species, as in other members of the family, is very short and 
scarcely projects above the surface. The flatness is a result of the form and size of 
the cells rather than of their number. The neck consists of four rows of cells, and 



Figs. 11-25.—- Figs, ii-xy, MaraUia samhicma: Figs. 11-16, series in development of archegonium. 
Fig. 17, archegonium with two neck canal cells. Figs. 18-24, Macroglossum sntUhii: Fig. 18, early stage 
of archegonium with basal cell Fig. 19, without basal cell. Fig. 20, mature archegonium. Fig. 21, surface 
view of antheridium with four divisions in primary cover cell*, jacket layer indicated by dotted lines. Fig. 
22, early stage of antheridium. Figs. 23, 24, longisection of antheridia from gametophytes 16 months old. 
Fig. 25, MaraUia sambucina, surface view of antheridium with three divisions in primary cover cell. 

each row consists usually of three cells; but the middle cell frequently divides, 
forming two cells which are apt to be flatter than the outer and inner cells. Occa- 
sionally there are five cells in a row (fig. 17). The number of cells is not always the 
same in all rows, but no consistent pattern in the variation was found. The walls 
of the neck cells become modified as the archegonium matures, and the cell con- 
tents undergo changes such that stained preparations of even the early stages may 
show coarse granules, and those of the later stages may show little or no differentia- 
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tion except for the nucleus. The axial row is short and more uniform in diameter 
than is usual in ferns. The egg is relatively small and the ventral canal cell rela- 
tively large, almost the size of the egg (figs. 15, 17, 20). A thin ventral canal cell is 
unusual (fig. 14). The mature archegonium usually shows two nuclei in the neck 
canal; but in several gametophytes of Marattia^ archegonia were found in which 
there was a definite wall in the neck canal, forming two neck canal cells (fig. 17) . 
In some cases the presence of two distinct protoplasts — instead of the customary 



Figs. 26-30 . — Mamttia samhicma: Figs. 26, 27, young regenerated branches. Figs. 28, 29, apogamy 
Fig. 30, regenerated branch bearing small antheridia. 

single mass in the neck — indicated that a delicate wall had been present but had 
disappeared or was not revealed in the preparation. Fewer preparations were made 
oi Macroglossum, and only one case was found with two neck canal cells. The 
jacket layer of nutritive cells around the archegonium venter is a conspicuous 
feature in leptosporangiate ferns but is less prominent in the Marattiaceae. In 
both species under investigation the jacket layer was late in development and 
never was as prominent as in other ferns. The basal cell, when present, divides 
early, and the resulting cells form the most conspicuous part of the jacket layer. 
Since in If . smiMi basal cell is usually lacking, the jacket layer is more belated 
than in Marattia sambucim and is even less conspicuous. At the time of fertiliza- 
tion there is usually a complete layer, but it may consist of so few cells that not 
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more than six will be seen in longitudinal section. The contents of the jacket cells 
are less dense than in leptosporangiate ferns, and the cells are more or less tabular 
in form rather than cubical (figs. 15-17). In both MaraUia and Macroglossum, 
archegonia were found into which large numbers of sperms had penetrated (fig. 16) . 
As might be expected, the robust gametophytes of these ferns can support two 
sporophytes for considerably longer than the more delicate gametophytes of the 
leptosporangiates. In the case of branched prothalli, the branches act as inde- 
pendent units, and even on unbranched prothalli two sporophytes may continue 
to grow for considerably longer than would be the case in other families of ferns. 

Apogamy 

Two cases of apogamy were found in MaraUia sambucina, both consisting in the 
development of tracheids in the thallus. A gametophyte 27 months old had pro- 
duced both antheridia and archegonia of normal appearance (fig. 28 ) . In this thal- 
lus there were two distinct masses of tracheids found in different sequences of sec- 
tions. The gametophyte (fig. 28) was more than 3 years old and had produced 
many apparently normal antheridia and archegonia. These gametophytes, like all 
the others, had been grown on peat with a moderate degree of uniformity of 
moisture, in a glass culture dish with a high degree of humidity, and were exposed 
to the light in a north window. 

Discussion 

The following may be considered distinguishing features of the gametophytes of 
the Marattiaceae: germination of the spore into a plate and then into a mass; slow 
development and relatively large size and thickness of the thallus; deep green 
color; rhizoids which are colorless in most species and which may be septate; im- 
bedded antheridium with a large output of sperms; a short broad archegonium 
with a neck which scarcely projects and with a poorly developed jacket layer. 

The filamentous stage at germination of the spore, which is so common in higher 
ferns, is extremely rare but has been reported by Jonkman (ii, 12). The failure to 
develop a filament under adverse conditions, particularly of light (which induces it 
in most ferns), indicates a lack of plasticity which may be a decided handicap. 
The deep green color of the gametophyte is sufficiently uniform as to be distinctive 
of the family. The shade of green, combined with the large size and unusual thick- 
ness of the thallus, gives the gametophyte the appearance of a liverwort, with the 
colorless rhizoids contributing to the resemblance. Jonkman (ii, 12), who worked 
on four species of If and two oi AngiopkriSj states that the rhizoids are 
colorless and do not become brown, even on very old prothalli. Campbell (4) de- 
scribes the rhizoids of Kaulfussia as being stout and thick with colorless walls, but 
he states that the rhizoids of Danaea and also of MaraUia mAAngiopteris are 
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brown in color (6), Schmelzeisen (14) speaks of the many chloroplasts in the 
rhizoids of Angiopteris evecta. He states that the rhizoids arise by the differentia- 
tion of ordinary prothallial cells, and that there are all degrees of differentiation 
between the rhizoid and the assimilating celL Colorless rhizoids occur in many if 
not in most species of the Marattiaceae but are exceptional in other families of 
ferns. In the leptosporangiate ferns, as a rule, the rhizoids are colorless only in the 
young stage or on very young gametophytes, while on the mature gametophytes 
the range in color is from the pale tan of many species of the Polypodiaceae to a 
distinct brown such as is found in the Gleicheniaceae and the Hymenophyllaceae. 
The presence of conspicuous chloroplasts in the young rhizoids of young gameto- 
phytes of ferns with chlorophyll-bearing spores, such as those of Osmunda, has 
often been noted; but they may also occur in species without chlorophyll in the 
spore, as in many species of Gleichenia, In the higher ferns, except in the species 
with green spores, the chloroplast-bearing stage is very short if it occurs at all. 
The multicellular rhizoids which occur occasionally in Marattia samhucina are 
characteristic of the four species of Danaea which have been investigated (2, 5, 6). 
The high development of cutin which is characteristic of the superficial cells of the 
thallus is also characteristic of the rhizoids of the Marattiaceae. In general, the 
characteristics of the rhizoids of the Marattiaceae — ^prevalence of colorless rhi- 
zoids, persistence of chloroplasts, tendency to septation, and heavy cutinization — 
indicate that they are less highly differentiated from the other cells of the thallus 
and are less highly specialized than are the rhizoids of the leptosporangiate ferns. 

The tendency for the thallus under certain undetermined conditions to develop 
as a sub terete structure may throw some light on the origin of the Ophioglossaceae. 
The storage of starch is probably related to the relatively long life of the gameto- 
phyte of the Marattiaceae in contrast to that of higher ferns. 

The archegonium is peculiar in the deeply set neck with only a slight projection, 
since in both the Ophioglossaceae and the leptosporangiate ferns the neck projects 
distinctly, even when — as in the Hymenophyllaceae — there are only four cells in a 
row. In regard to the ventral canal cell the family shows the two extremes, from 
the very small short-lived cell in Danaea to the condition in the other genera in 
which the ventral canal cell is much larger in proportion to the egg than in the 
leptosporangiate ferns. A wall between the neck canal nuclei has been reported for 
the Marattiaceae more frequently than for any other family. Within the family 
there is variation in the presence or absence of a basal cell, but the character does 
not appear to be consistent, even in a single species. The relatively slow and weak 
development of the jacket layer, noted first in the work of Jonkman (ii, 12), may 
be a handicap if it affects the early development of the embryo. 

Apogamy has been reported for four families of the leptosporangiate ferns, but 
the only case known for the eusporangiates is in Botrychium virginianum descxihod 
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by Jeffrey (io). In Botrychium, as in Marattia^ it consisted in the formation of 
tracheids in the gametopliyte. Beyerle (i) reported apospory in M. data con- 
sisting in the production experimentally of rhizoids on primary leaves. 

Summary 

1. Germination of the spores of Marattia sambucina and Mmroglossum smithii 
results first in a plate and then in a mass. The gametopliytes are dark green from 
the very first, but the old gametophytes may show a pale tissue in the midrib — 
which may contain a large amount of starch. The rhizoids of both species arc 
colorless; multicellular rhizoids are produced occasionally by Marattia sambucina. 

2. The antheridia show wide range in size, from those on regenerated branches 
which may show 1 5-30 sperms in median section to those on. vigorous gameto- 
phytes 1-4 years old which may show 140- 170 sperms. 

3. The archegonium of both species is short and broad, projecting but slightly 
beyond the surface. The two nuclei of the neck canal are usually not separated by 
a wall, but occasionally a wall is formed. The ventral canal cell is large. The jacket 
layer consists of a few tabular cells which are slow in developing and not highly 
differentiated before fertilization. 

4. Apogamy, shown in the development of tracheids, was found in two ganieto- 
phytes of Marattia sambucina which had borne both antheridia and archegonia. 

The writer wishes to express her thanks to the members of the staff of the 
Botanical Gardens at Buitenzorg and Tjibodas, Java, for their generous assistance 
in facilitating the collection and culture of the material used in this investigation. 

Mount Hoi.yoke College 
South Hadley, Massachussetts 
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AUXINS IN SOME AMERICAN SOILS 

WILLIAM S. STEWART' AND M. S. ANDERSON" 

Since auxins have been found in plant tissues it is reasonable to suppose that 
they may persist through decomposition stages of organic matter and become a 
part of the soil, or perhaps they may be synthesized ckiring the decomposition 
process. The report presented here deals with the extraction of auxin from some 
virgin American soils and its relation to other soil characteristics. What this 
means in relation to plant growth is left for future coEsideration. 

In this investigation the standard Avem test was used to measure the auxin 
extracted from the soils. The results are expressed as indoleacetic acid equiva- 
lents. This is an arbitrary term and does not imply that indoleacetic acid was the 
auxin extracted from the soil. 

Various methods have been used for auxin extraction from different kinds of 
substances, but freshly purified peroxide-free ethyl ether has been a popular solv- 
ent, This background of experience was utilized in the development of a method 
adapted to extraction of soil auxins. The surface horizons of Cecil, Russell, and 
Barnes soils were used for a considerable number of preliminary experiments to 
find a satisfactory way of extracting comparable quantities of auxin. A resume 
of these various tests follows: 

1. Ether or alcohol used alone extracted little or no auxin, at least from acid 
soils. 

2. Acidifying a soil-water mixture to a pH of 4.5 with hydrochloric or acetic 
acid, with or without refluxing, on an electric hotplate gave no auxin in the water- 
ether extract. 

3. Mixtures of ether and water extracted more auxin from acid soils than 
either solvent alone, but approximately the same amount was extracted by water 
as by ether-water mixtures when the pH was slightly alkaline. 

4. Water extraction at pH 7-8 formed the basis of the method adopted. This 
method is as follows. 

One hundred gm. of air-dry soil in an 8oo-cg. beaker was treated with 200 cc. 
of water and enough limewater added to produce a final pH of about 7.5. About 
30 per cent more limewater was needed than that required to hold such a pH for 
the first 2 hours, because of the slow reaction with soil acids. Water was then 
added to make the total volume of liquid 400 cc. After standing with occasional 

^ Assistant Plant Physiologist, Division of Fruit and Vegetable Crops and Diseases; and * Senior 
Chemist, Division of Soil Chemistry and Physics; Bureau of Plant Industry, 
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stirring for 48 hours, the total extraction period, the suspension was filtered on 
a Buchner funnel through no. i Whatman filter paper, and the filtrate evaporated 
to dryness in a casserole over a steambath. Twelve cc. of water was then added 
and the walls carefully policed down. This solution was transferred to a 250-00. 
wide-mouthed Erlenmeyer flask and 120 cc. of ether added; the flask was stop- 
pered, shaken at intervals, and stored in an icebox over night. 

TABLE 1 


Relation of auxin to other properties in virgin soils 


Name and location of soil* 

Labosatory 

NO. 

Hori- 

zon 

Depth 

(inches) 

pH 

Organic 

matter 

CONTENTf 

(%) 

Indoleacetic equiv- 
alents IN MICRO- 
GRAMS PER KG. 

OE SOIL 






Sample i 

Sample 2 

Barnes loam, South Dakota 

C2929 

A 

0-9 

6.9 

5-98 

0.165 

0.134 


C2930 

Bi 

9-17 

7.1 

2.36 

0.161 

0.169 

Brookston silty clay loam, Indiana 

C4043 

Ax 

0-6 

6.8 

10.42 

0.112 

0.113 

C4044 

A. 

6-20 

6.4 

2.67 

0.148 

0.196 

Carrington loam, Iowa 

C2916 

Ax 

0-3 

5-5 

S -57 

0.106 

0.141 


C2917 

A2 

3-13 

5.2 

3-43 

0 .122 

0 -IS 4 

Miami silt loam, Indiana 

Russell silt loam, Indiana 

C4060 

Ax 

0—2 

6.3 

6. 22 

0.084 

0.034 

0.125 

C4061 

C3174 

A2 

Ax 

2-5 

0-2 

5-9 

5.8 

3 -60 
6.26 

O.II8 


C3175 

Aa 

2-8 

4.5 

2.94 

0.000 

0.039 

Hagerstown silty clay loam, Penn- 

c 798 

Ax 

0-2 

4.5 

11.04 

0.043 

0.068 

sylvania 

c 799 

Aa 

2-8 

4.8 

2.53 

0.000 

0.026 

Hillsdale fine sandy loam, Michigan 

C4031 

Ax 

0-3 

7.5 

4.28 

0. 118 

0.072 

Decatur silty clay loam, Georgia 

C4O32 

C7I78 

Aa 

A 

3“9 

0-12 

7.5 

6.3 

0.72 

4-05 

0.000 

0.132 

0.100 


C7179 

Bx 

12-36 

5-7 

0.46 

0.000 

0.026 

Cecil fine sandy loam, South Caro- 

C7173 

Ax 

0-2 

6.1 

4.16 

0.069 

0.099 

lina 

C7I74 

Aa 

2-8 

S-i 

0.85 

0.000 

0.067 

Georgeville silt loam, North Caro- 

C7186 

Aa ! 

is 

4-5 

3.44 

0.097 

0.092 

lina 

C7187 

Bx 

8-28 

4.7 

0.23 

0.000 

0,000 

Norfolk fine sandy loam, North 
Carolina 

C7I9O 

C7191 

Ax 

Aa 

0-2 

2-13 

4.4 

5-3 

10.52 

0.43 

0.038 

0.000 

0.000 


* Soils arranged in order of approximate native fertility. t Determined by combustion, CO3X0.471, 


The following day the ether was carefully decanted from the solution into an- 
other Erlenmeyer flask of similar size and evaporated on a water-bath to 3-5 cc. 
This volume of ether was then further evaporated drop-wise by means of a pi- 
pette on 0.3 cc. of 1.5 per cent agar contained in a 5-cc. shell vial. During evapora- 
tion, the vial was suspended in a rapidly boiling water-bath. The flask was care- 
fully rinsed twice with 2-cc. portions of fresh ether and these likewise evaporated 
on the agar. Then the walls of the shell vial were carefully washed down with 
fresh ether. By this procedure auxin from a 48-hour water extract of soil was 
concentrated in 0.3 cc. of 1.5 per cent agar. This volume of agar was molded into 
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twelve blocks, suitable for auxin determination by the Avema test. Inasmuch as 
the amounts of auxin obtained during this procedure caused Avem curvatures 
that were less than the maximum angle (30°), auxin determinations at dilutions of 
the original extract were not made. 

The general characteristics of most of the soils used have been siimmarked (19). 
The soils are typical specimens of eleven soil series representing four of the great 
soil groups. Each soil was air-dried and passed through a 2-mm. sieve. The soils 
had been stored for periods varying from 3 months to 4 years. Data for these 
soils are given in table i. In table 2 more detailed data obtained in the ADem 
test are given. While the soils are listed in the order of their approximate fertility, 
this listing should be considered as having only general significance. These tables, 
together with the preliminary results, not given in detail, show that the extractable 
auxin content tends to decrease with increasing soil acidity and that surface and 
second horizons of soils of excellent native fertility tend to have higher extractable 
auxin contents than do the second horizons of less fertile soils. 

It is recognized that determination of the auxin content of soils by the procedure 
described does not possess the same degree of precision as is involved in the de- 
termination of most of the inorganic chemical constituents. It is not known what 
part of the auxin present is extracted by the means used, nor is it known to what 
extent- — if any — auxin is created or destroyed by the extraction process which is 
carried out under nonsterile conditions. The important fact is that fairly con- 
cordant duplicate determinations were obtained when extractions were made at 
different times and evaluated with different sets of oat plants separately standard- 
ized as to sensitivity to auxin. 

These data are in accord with those obtained by Parker-Rhodes (12), whose 
study of cultivated soils constitutes the only previous work on determination of 
soil auxin. He used a root-hair plasmolysis technique to estimate the amounts of 
auxin. In terms of indoleacetic acid, concentrations of to moles per 
kilogram of soil are reported. He suggests the auxin from soil has certain char- 
acteristics of indoleacetic acid, but at present the chemical compound or com- 
pounds acting as soil auxin(s) must be regarded as unknown. 

From auxin determinations of soil microorganisms, Roberts and Roberts 
(13) conclude that the soil flora is potentially capable of producing appreciable 
amounts of auxin. The work of Kogl and Kostermans (6), Thimann (16), and 
others indicates that the auxin produced by many of these microorganisms is 
indoleacetic acid. 

It has been reported that 10""^ molar indoleacetic acid stimulates root growth 
of several kinds of plants (i, 2, 17). Since this optimum concentration of auxin 
for root growth is found only in the fertile soils, it may be one of the factors in 
some way contributing to their fertility. Furthermore, the preliminary experi- 
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TABLE 2 

CURVATURE OF AVENA COLEOPTILES IN RELATION TO AUXIN EXTRACTED FROM VIRGIN SOILS 
(AS DEGREES, AND AS MICROGRAMS OF INDOLEACETIC ACID EQUIVALENTS 
PER KG. OF SOIL, BRACKETED NUMBERS) 


Soil ticsted 


Hori- 

zon 


Depth 

(inches) 


Date of Avena test 


10/4 

10/6 

10/7 

10/9 

lo/io 

10/ 1 1 

10/ 16 

10/17 



22 .6 
(0.134) 

18.5 

(0.109) 



17.6 

(o-i6s) 

18.0 

(0.169) 







20.1 
(0.161) 

18.3 

(0.147) 

25.2 
(0.202) 

17.6 

(0.141) 


17,0 

(0.II2) 


II -3 

(0.113) 

14.8 

(0.148) 



24.4 

(0.196) 






17.9 
(0 . 106) 
20.5 
(0.122) 







24.7 

(0.172) 


22 .0 

(0.154) 

12 . 1 
(0 . 084) 

4.9 

(0.034) 

17.9 

(0.125) 















20 .0 
(0. 1 18) 
0.00 
(0 . 000) 









4.2 

(0.039) 


6-5 

(0-043) 

0.00 

(0.000) 



9.6 

(0.068) 

(0.026) 









8.8 

(0.072) 

0.0 

(0.000) 

16.2 

(0.132) 

0.00 

(0.000) 

8.4 
(0 . 069) 


II. 8 

(0. 1 18) 













14.0 
(0 . 100) 
3.6 
(0.026) 















14.2 
(0.099) 

12.3 
(0.086) 


0.0 
(0 . 000) 

6.7 

(0.067) 





0.0 

(0.000) 

0.0 

(0.000) 


9-8 
(0.092) 
0.0 
(0 . 000) 

12. 2 
(0.097) 






5-7 

(0.038) 

0.0 

(0.000) 

22,5 









0.0 

(0.000) 

21 .1 


0.0 

(0.000) 

18,7 


18.4 

25.4 

15.0 

16.0 

21. 5 


Barnes, South Da- 
kota 


Brooks ton, Indiana 

Carrington, Iowa 

Miami, Indiana 

Russell, Indiana 


Hagerstown, Penn- 
sylvania 


Hillsdale, Michigan | 
Decatur, Georgia 


Cecil, South Caro- 
lina 


Georgeville, North 
Carolina 


Norfolk, North 
Carolina 


Indoleacetic acid, 

50 micrograms/ii-| 
ter. ...... ... 


A 

Bx 

Ax 

A. 

Ax 

Aa 

Ax 

Aa 

Ax 

Aa 

Ax 

Aa 

Ax 

Aa 

A 

Bx 

Ax 

Aa 

Aa 

Bx 

Ax 

Aa 


0-9 

9-17 

0-6 

6-20 

0-3 

3-13 

0-2 

2 - S 
0-2 
2-8 
0-2 
2-8 
0-3 

3 - 9 
0-12 

12-36 

0- 2 
2-8 

1- s 
8-28 
0-2 

2- 13 
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ments mentioned indicate that the pH of these soils should not be destructive to 
auxin, as a more acid soil would be expected to be. 

Recently Laude (8) has shown that a molar solution of indoleacetic acid, 
when applied to tomato plants grown in washed quartz sand and with added in- 
organic nutrients, increased their dry weight 12.5 per cent more than control 
plants receiving the inorganic nutrients alone. Agaiii the concentration of auxin 
in the fertile soils seems to approach this optimum. 

While there are several claims that indoleacetic acid and other auxins added 
to soil stimulate growth (3, 18, 9, 14, 5, 10, 20), there are nearly as many claims 
that this is not so (ii,. 15, 7, 4). The present data make no case for the desirability 
of adding auxin to soil as a means of stimulating plant growth, but they indicate 
that fertile soils tend to contain more auxin than less fertile ones, and--except in 
the most fertile—surface soils more than the subsoils. This suggests that natural 
soil auxin may, under certain conditions, have some stimulative effect upon plant 
growth. Also it offers the possibility of an additional partial explanation for the 
infertility of subsoils so frequently noted. 

Summary 

1. A proximate method is described for the extraction and assay of auxin in 
soils. One hundred gm. of soil is shaken at intervals for 48 hours with sufficient 
limewater to keep the pH between 7 and 8 in a volume of 400 cc. The filtered 
extract is then concentrated and auxin measured by the standard Avem test. 

2. Auxin determinations were made on the two upper horizons of eleven virgin 
soils representative of four of the great soil groups. In very fertile midwestern 
surface soils and subsoils auxin was found to the extent of about 0.175 micrograms 
per kilogram of soil (indoleacetic acid equivalents). In less fertile soils con- 
siderably less auxin was found in the surface horizons and little if any in the 
second horizon. 

U.S. Horticultural Station 
Beltsville, Maryland 
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EFFECT OF PHENYLACETIC ACID AND NAPHTHALENE 
ACETAMIDE ON TOMATO PI.AN'I'S 
GROWN IN SOU/ 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 639 
MERLE EDISON HAMNER 

Introduction 

There are many reports on the growth-promoting effects of some of the growth- 
regulating substances when applied to plants growing in soil. In relatively few of 
these do the results presented lend themselves to an actual statistical examination- 
Often no detailed data of any kind are given. Recently Laude (2) presented data 
which showed that, when grown in sand culture and under certain conditions of 
potash supply, there may be an increased growth of red kidney bean plants when 
very small quantities of indoleacetic acid are supplied in the nutrient medium. 
When under similar conditions small quantities of naphthalene acetamide were 
supplied instead of indoleacetic acid, the growth of the tops was significantly re- 
duced, but the dry weight of the roots was increased. Swartz (4) also found that 
in sand culture, marigold and cosmos showed either a decrease or no significant 
increase when small amounts of vitamin B,, nicotinic acid, naphthaleneacetic acid, 
or combinations of these substances were added to the nutrient solution. C. L. 
Hamner (i), using sand culture and either complete nutrient solution or one low 
in phosphate content, also found increased root growth and decreased top growth 
of bean plants when naphthalene acetamide was supplied in the culture solution. 
There was some evidence of increase in top growth of tomato plants when phenyl- 
acetic acid was present in the culture solution in a concentration of 10“*, but 
such evidence was not conclusive. The higher concentrations under similar condi- 
tions resulted in lesser growth. Thus it appears reasonably certain that when cer- 
tain of the growth-regulating substances are supplied in relatively high dilution 
in the nutrient solution to sand cultures, there may be an increase in growth over 
the controls- 

Recently Stewart and Anderson (3) have shown that it is possible to extract 
auxins from certain native soils in suflhcient quantity to be detectable by the 
A-vem test, and at a concentration such that they might possibly affect the quan- 
tity and rate of growth of plants grown in such soils. In view of the data just men- 
tioned, and those in many other reports, it was decided to test the possible effects 

' TMs work was supported in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial 

Fund of the University of Chicago. 
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of plienylacetic acid and naphthalene acetamide on plants grown in a native 
garden soil and also in another soil to which sand and calcium carbonate were 
added. 

Experimentation 

Two soils were selected. Soil I was a fertile garden soil from Lake Geneva, 
Wisconsin. Abundant crops of flowers and vegetables had been grown on it for 
several successive years. It was high in thoroughly decayed native organic matter, 
since it came from low land near the lake shore. Upon testing, it was found to 
have a pH of 7.3. Soil II was basically a clay loam from near Chicago, and on it 
also crops of vegetables had been grown for several years. It was dark in color and 
fairly high in organic matter. After drying, this soil was crushed into fine pieces 
and then mixed with quartz sand on the basis of one part sand to five parts soil 
by volume. To this combination finely powdered calcium carbonate was added 
at the rate of 5 pounds of carbonate to each cubic yards of soil. This combina- 
tion was very thoroughly mixed. Upon testing it had a pH of 7.8. 

Several hundred glazed crocks of i|-liter capacity with side drainage were 
filled with these respective soils. They were arranged in rows of eight pots each. 
The pots containing one type of soil were distributed on two benches and those 
of the other type on two other benches, in a large greenhouse. The total number 
of crocks used was divided into twelve lots. Six lots contained soil I and six, soil II. 
Each lot consisted of ten rows of eight crocks. Five rows were used for the four 
concentrations of phenylacetic acid and its control and five for the naphthalene 
acetamide. The rows in each lot were randomized by successive drawings by 
chance of the numbers i to 5, to conform with the concentrations of growth- 
regulating substances used, and the rows were labeled accordingly, the rows of any 
specific concentration of the two substances standing side by side. Each pot was 
thoroughly watered with distilled water and allowed to stand several days before 
anything was planted in it. 

On October 2, 1941, Bonny Best tomato seeds were planted in previously un- 
used quartz sand and then lightly watered with distilled water. Thirteen days 
later, when the seedlings were about inches high, the cotyledons spread apart 
but the epicotyl scarcely showing signs of elongation, uniform plants were selected 
and two were planted in each of the glazed crocks already filled with the respective 
soils. Later they were thinned to one plant per crock. The control plants grew well 
for the season of the year and were just coming into flower when harvested. 

To avoid the use of tap water or distilled water in watering the plants, or as a 
medium in which to supply the growth substances, a complete nutrient solution — 
consisting of 0.0045 moL MgS04, 0.0045 mol. KH2PO4, 0,0060 mol. Ca (N03)2, 
together with the minor elements— was made up. This was then diluted to one 
part in twenty with distilled water. Whenever the plants were watered or the 
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growth substances were supplied, roo cc. of the diluted medium with or without 
the growth substances added was used per crock. 

The two growth substances tested were phenylacetic acid (Kastman) and 
naphthalene acetamide (American Chemical Paint Company). A concentrated 
solution was made up by dissolving the crystals in 95 per cent ethyl alcohol, and 

TABLE 1 


Dry weights in grams of the severai. ra.ndom .samples at time of HAH\'KSTIXG 


Lot 

Substance and concentration 

0 



JO-6 ; 


Control 

Control 

N* 

P* 

N 

P 


P 

N 

P 

III 

IV 

V 

X 

XI 

XII 

Total 

I 

II 

VI 

VII 

VIII 

IX 

Total 

Soil I 

8.9 

9.4 

8.9 

8.7 

9-3 

9-5 

10.2 

9.7 

9.2 

8.4 
9.0 

10.4 

7-3 

8.9 

7.7 

8.1 

8.7 
8.1 

8..? 

8.5 

8.4 

8.1 

8.4 

8.5 

7.6 

8,0 

7-9 

7-9 

7.5 

9.2 

8.2 

8. 1 
8.5 

8.9 

8.0 

8.9 

7-5 

7-9 

8.2 

8.0 

7-9 

8,7 

8, i 

8 , () 
8.2 
8,4 
8.2 
8.6 

2 . 9 ' 

3 - 3 ’ 
3 - 2 ’ 
3 * 2 ' 
2 .6’ 
.2,6^ 


6.7 

6.8 

7.0 
6.7 

6.9 

8.1 

54«7 

56-9 

48.8 

50.2 

48.1 

so. 6 

48.2 

50.4 

17. 8t 

42.2 

Soil II 

7.3 

8.3 

7*7 

8.0 

8.1 
9-5 

7.6 

7.9 

7.2 

8.5 

9.4 

B.S 

7-1 

7.1 
7.6 
6.8 

8.1 
8.0 

7.2 

7.5 

7.0 

7.3 

8.4 

8.0 

7.1 

6.2 

6.5 

7.3 

8.5 

7.9 

6.7 

7.2 

7.2 

7.5 

7.0 

7.9 

7.1 

5.8 
6.6 
7.6 

7.9 

8.3 

6.9 

5-7 

6.9 
6.3 

7.8 

8.9 

0.3 

0.4 

0-3 

0.3 

0.4 

0,7 

5-7 

6 .0 

5.6 

6.0 

7.1 

7.6 

48.9 

49.1 

44-7 

45-4 

43-5 

43-5 

43-3 

42.5 

2.4 

38.0 


* N, naphthalene acetamide; P, phenylacetic acid. 

t When watered on October 22, only J of the usual amount of naphthalene acetamide was supplied. 


then — just before use — the proper amount was added to the diluted nutrient solu- 
tion to make up the desired concentrations of the respective substances. The con- 
centrations used were 10““, 10-®, io~®, io“", and o. 

The crocks containing soil I were watered with nutrient containing the respec- 
tive growth substances October 22, November 9, 16, 24, 30, December 7. Soil II 
was watered October 30, November 9, 16, 24, 30, and December 7. On December 
15 the plants constituting any given sample were carefully cut off at the cotyle- 
donary node near the surface of the soil, the plants placed in a paper sack and 
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dried rapidly to brittleness. Later each sample was again dried to constant weight 
at 100^ C. 

Table i is a record of all the samples. The results showed considerable variation 
within any given treatment, depending upon their particular location on the green- 
house benches. As a whole, the plants in soil I made more growth and had greater 


TABLE 2 

Auxin content of soils, expressed as micrograms of indoleacetic-acid 

EQUIVALENTS PER KILOGRAM OF AIR-DRY SOIL 






Substance and 

CONCENTRATION 





Lot c 


lO' 

-10 

IO‘ 

-8 

10 

-6 

10 

-4 


Control 

CONTEOL 

N* 

P* 

N 

P 

N 

p 

N 

p 






Soil I 





L . . 

0 . 000 

0.000 

0-035 

0.000 

0.000 

0.000 

0.000 

0.000 

0 . 03 it 

0.000 

II.. 

0.029 

0.000 

0.000 

0.000 

0.000 

0.000 

0.031 

0.000 

0.020” 

0.000 

VI.. 

0.042 

0.000 

0.000 

0.039 

0.063 

0.000 

0.000 

0.000 

0. 140" 


VII. 

O- 03 S 

0.128 

0.000 

0.126 


0.000 

0.051 

0.000 

0.093" 

0.000 

VIII 

0.082 

0.046 

0.000 

0.158 

0.090 

0.034 

0.000 

0.000 

O.o 3 it 


IX., 

0-033 

0.000 

0.083 

0.025 

0.057 

0.000 

0.020 

0.014 

o.ooof 



Average.... 0.032 

0.029 

0.032 

0.058 

0.030 

0.006 

0.017 

0.002 

0 . 045 t 

0.000 






Soil II 





III. 

0 . 000 

0.038 

0.000 

0. 1 14 

0.000 

0.000 

0.000 

0.155 

0.000 

0.000 

IV 

0 . 000 

0. 125 


0.000 


0.000 

0.000 

0 .000 

0.000 

0.000 

V. . 

0 . 000 

0 . 13I 


0.034 

0.000 

0.000 

0.000 

0.000 

0.000 

0.075 

X.. 

0.122 

0.129 

0.000 

0.038 

0.000 

0.150 

0.142 

0.000 

0 . 000 

0.127 

XI. 

0.024 

0.000 

0.000 

0.000 

0. 118 

0.104 

0.000 

0.000 

0 . 076 

0.000 

XII 

0 . 000 

0.170 

0.000 

0.102 

0.000 

0.000 

0.022 

0.147 

0.023 

O.IIS 


Average.... 0.024 

0.099 

0 . 000 

0 

00 

0.024 

0.042 

0.027 

0.050 

0.014 

0.053 


* N, naphthalene acetamide; P, phenylacetic acid. 

t When watered on October 22, only | of the usual amount of naphthalene acetamide was supplied. 


dry weight than those in soil II, but with respect to their responses to the growth- 
regulating substances the trends in the two soils were similar. This trend clearly 
shows progressively less total dry weight with increasing concentration of the 
growth substance supplied, with a very abrupt decrease between io“^ and 10“^. 
This decrease is much more marked in the case of the plants treated with naphtha- 
lene acetamide. None of the concentrations resulted in any increase in dry weight. 
Except for the fact that none of the results showed an increase, the results in gen- 
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eral closely approximated those obtained when quartz sand and a nutrient solution 
were used instead of soil. No measurements were made on root development. 

After all the plants had been harvested, comparable samples of each, random lot 
of soil were made up by combining aliquots from each of the p(.)ts in an\' given row. 
These samples were sent to Dr. William S. Stewart at Heltsville, Maryland, who 
tested them according to his method of determining the amount of auxin in, soils. 
The results of these determinations are given in table 2, the random samples being 
listed in the same sequence as they occur in table i. At present no deductions are 
drawn from the data, other than the fact that the two growth-regulating sul,)» 
stances seem to have had little or no effect, either in increasing or in <lecreasing the 
amounts of detectable auxin in the two soils. The figures are presented chiefly to 
show the wide range of variation in the results obtained; such variation may be 
partly inherent in the method of testing (3). 

As stated, the results from this experiment are similar to those obtained when 
quartz sand and various nutrient solutions were used as a medium for growing 
the plants, instead of soil, except that in no instance were there increases in growth 
over that of the controls. Even the most dilute concentration, resulted in 
less growth. There are no clear, direct indications that the physical texture, the 
soluble salt content, or the quantity or type of organic matter present in these soils 
directly influence the general effects of these two growth substances when sup- 
plied to tomato plants. The results do not at present support the rather gen- 
eralized claim that the growth of plants is greatly increased when small quantities 
of either of these substances is added to the soil. 

Department of Botany 

University oe Chicago 
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RIBOFLAVIN IN ISOLATED ROOTS^ 

JAMES BONNER 

Riboflavin is not known to be an indispensable growth supplement for any iso- 
lated root whose continued cultivation in vitro has yet been reported. Although it 
is possible that roots requiring supplements of this substance may be found, still 
it is evident that an outside source of riboflavin is not required by roots of tomato, 
alfalfa, clover, and others which are known to require supplements of thiamin, nico- 
tinic acid, and/or vitamin Be. The data presented here suggest that riboflavin is 
synthesized by certain isolated roots. 

Isolated roots were cultured according to methods reported earlier (i). The 
culture medium contained, per liter of redistilled water, 236 mg. Ca(N03)2 • 4H2O, 
36 mg. MgS04 * 7H2O, 81 mg. KNO3, 65 mg. KCl, 20 mg. KH2PO4, 1.5 mg. ferric 
tartrate, and 20 gm. sucrose. Supplements. of thiamin and vitamin Be were added 
in the concentration of o.i mg. per liter of nutrient and nicotinic acid at the rate 
of o-S mg. per liter of nutrient. Supplements of thiamin and nicotinic acid only 
were used for roots of alfalfa and clover; supplements of thiamin, vitamin Be, and 
nicotinic acid were used for all the other species. 

All roots were subcultured at weekly intervals by removal of a i-cm. tip (from 
the principal axis of the root) to fresh medium. The roots of alfalfa, clover, 
Datura, and sunflower had been in culture for more than i year when the experi- 
ments were initiated. 

Assays for riboflavin were done by the microbiological method of Snell and 
Strong (2), using Lactobacillus casei as the test organism. Growth was allowed to 
take place for 24 hours at 37° C. and was then measured in a Fisher electrophotom- 
eter. In each experiment a linear relationship between growth of the organism as 
measured in this way and riboflavin supplement obtained over the range 0.00 to 
o.io 7 (micrograms) of riboflavin. Duplicate determinations on the same sample 
differed by less than 5 per cent. 

Extraction of riboflavin was carried out by autoclaving two roots in 5 cc. of 
water at a pressure of 15 lb, for 15 minutes. The water was then decanted, made 
up to 5 cc., 5 cc. of basal medium added, and the riboflavin determination made 
on the sample. Where i-cm. root tips were assayed the extraction was done sim- 
ilarly, except that ten (five each for sunflower and Datura) tips were used per 5 cc. 
of water. 

^ Report of work done with the co-operation of the Work Projects Administration, O.P. no. 165-1-07- 
172. This wwk was made possible in part by the support of Merck and Company. 
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Table i gives the results of a preliminary experiment which shows that the ap- 
parent riboflavin content of isolated tomato roots is independent of the amount of 
root extract used as a supplement for Lactobacillus in the riboflavin assay. The 

TABLE 1 

Determination of riboflavin in different amounts of kxi’rac’t oi* isolated tomato 
ROOTS. All photometer readings (arbitrary units) have 'FHK Bl.ANK SUB- 
TRACTED. All figures are means of duplicate determina'iioxs 


Supplement 

Photom- 

eter 

READING 

Supplement 

Photom- 

eter 

READING 

(...ALrULATED 

amount 

OF B, 

(MICKOOIUMS) 

Recovery of 

ADDED B;« 

Amount 

Per- 

centage 

None 

0.0 

10.4 

18.6 
28.8 

38.6 

Extract of i root 

7.6 
^ 15.8 

30.5 

26.1 

35-3 

50.6 

0.0 196 /root 
0.0 203 /root 

0 . 0197/root 
0.0673 

0 .ogio 

0. 130 



0.025 7 Ba. . . 
0.05 7B2... 
0,07s 7 Ba. . . 
0 . 10 7 Ba. . . 

Extract of 2 roots 



Extract of 4 roots 



Extract of i root +0.05 7 . . 

Extract of 2 roots -j-o.os 7 B2. . . 
Extract of 4 roots +0.05 7 B2. . . 

0 , 048 
0,050 
0.051 

96 

100 

102. 


TABLE 2 

Concentration of riboflavin in isolated to.mato roots of 
various ages. Assays on initial root tips all made on 
individual lots of 10 roots. Assays on cultured roots 
made on lots of 2 roots 


Initial root tips (i cm. long) 

Cultured roots (without tip) 

Experi- 

Weeks in 

CULTURE 

7 Ba/ROOT TIP 

Experi- 

Weeks in 

7 Bi/root 

MENT NO. 

MENT NO. 

CULTCRE 

2 

0 

0.0024 

2 

8 

0.015 



.0024 



.016 



.0018 



.018 

3 

0 

.0014 

.0019 

j 


0.026 



.0016 



Av.= 0.019 



.0028 





.0013 

3 

13 

0.016 



0.0014 



.014 

0.018 



Av.~O.OOi9 



Av.=o.oi6 




i 


0.020 




4 

24 

.020 






. ''O'.o'ao ^ 






Av.=s0.0.20' 


data also show that added riboflavin may be quantitatively determined in the 
presence of the extract of isolated tomato roots. It does not appear, therefore, that 
substances present in such roots interfere in any way with the results of the assay . 
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Experimental results 

A clone of isolated tomato roots was established by the propagation of branch 
tips of a root derived from one individual seedling (San Jose Canner, of the Cali- 
fornia Packing Corporation) root tip. Seedling tomato root tips i cm. long and 

TABLE 3 

Concentration of riboflavin in isolated roots of clover 
AND alfalfa. Initial root tip assays based on 10 tip 
SAMPLES. Assays of cultured roots based on 2 root 

SAMPLES 


Alfalfa 

Clover 

Source of root 

y B s/root 

SOXTRCE OF ROOT 

7 Bs/root 

Initial root tips 

0 . 0008 

Initial root tips 

0.0003 


.0017 


.0003 


.0011 


.0014 


.0008 


.0008 


.0011 


0.0008 


0.0019 






Av. 0.0007 


Av. 0.0012 



In culture 68 


In culture 68 


weeks 

0.009 

weeks 

0.021 


.015 


.018 


.014 


.029 


0.009 


.015 




.018 


Av. 0.012 


.012 




0.014 




Av. 0.018 

In culture 70 


In culture 70 


weeks 

0.014 

weeks 

0.024 


.014 


.020 


0.018 


.024 




0.021 


Av. 0.015 






Av. 0.022 

In culture 75 


In culture 75 


weeks 

0.014 

weeks 

O.OII 


.016 


.oil 


.oil 


.009 


O.OII 


O.OII 


Av. 0.013 


Av. 0.0105 


similar to that from which the clone was derived were assayed for total riboflavin 
content. A series of determinations are given in the first column of table 2. After 
the clone had been propagated through eight successive weekly transfers, approxi- 
mately 125 roots — averaging 50 mm. in length — ^were available. These roots were 
transferred by removal of the apical 10 mm. to fresh medium. Eight of the remain- 
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iiig bases were then assayed for total riboflavin content. The procedure was re- 
peated after, the thirteenth and the twenty-fourth week in culture, ' These results 
are given in the second column of table 2. It is evident that the base (without the 
apical 10 mm.) of one cultured root contains roughly ten times as much riboflavin 
as does a root tip similar to that from which the entire clone was derived. At the 
end of the eighth week in culture, therefore, the entire stock of this clone would 

TABLE 4 

CONCENTRATiON OIvRlBOFLAVIN IN ISOLATED RO()T^ LATURA 

AND SUNFLOWER. INITIAL ROOT TIP ASSAYS BASED 0\ 5 TIP 

SAMPLES. Assays of cultured roots based ox j root 

SAMPLES 


1 

Datura 

Sunflower 

Source of root 

7 Bj/ROOT 

Source of root 

7 IL/root 

Initial root tips 

0.0025 
! .0025 

.0023 
0.0032 

Av. 0.0026 

Initial root tips 

1 

0.0022 

.0034 

.0028 

.0038 

.0044 

0 . 0038 




Av. 0.0034 

in culture 63 
weeks 

0.0155 

O.OIS 5 

Av. 0.0155 

In culture 70 
weeks 

0.013 

.010 

0 . 008 

Av. o.oio 

In culture 68 
weeks 

0.014 

.oiB 

.016 

0.014 

Av. o.oiss 

In culture 75 
weeks 

0.021 

.022 

0,022 

Av, 0.022 


appear to have contained roughly 125 X 10, or over 1000 times as much ribo- 
flavin as did the original root tip. This would seem to indicate a riboflavin synthe- 
sis by the particular clone of isolated tomato roots in question. 

Experiments generally similar to that just described were carried out on other 
species of isolated roots. Table 3 gives data concerning alfalfa and white clover. 
The two stocks of isolated roots used were not clones, but each had been increased 
in number by the propagation of branch'root tips. Seedling root tips for riboflavin 
assay were obtained from the same stock of seeds as was originally used for estab- 
lishing the isolated root stocks. The bases (after removal of lo-mm. apical grow- 
ing points) were first assayed after sixty-eight successive weekly transfers. In the 
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sixty-eighth transfer the alfalfa roots had grown an average of 137 mm. and the 
clover roots an average of 106 mm. It is evident from table 3 that the bases (with- 
out i-cm. apical tips) of both species contain more riboflavin than i-cm. seedling 
root tips similar to those from which the isolated roots derived. The data for the 
seventieth and seventy-fifth weeks of culture support this view.^ 

Table 4 gives data similar to that of table 3 but pertaining to isolated roots of 
Datura and sunflower. The Datura roots represented a clone while the sunflower 
roots came originally from thirty individual seedling root tips, although the stock 
had been multiplied by the cultivation of branch root tips. The Datura roots had 
grown an average of 78 mm. during the sixty-third week and the sunflower roots 
an average of 52.5 mm. during the seventieth week when the first assays of table 4 
were made. In each case seedling root tips were obtained from the same stocks of 
seeds as those used for obtaining the isolated roots. Although the data of table 4 
are not extensive, they do indicate that the bases of cultured Datura and sunflower 
roots contain more riboflavin than seedling root tips similar to those from which 
the isolated roots derived. 


Summary 

1. The riboflavin content of i-cm. root tips from aseptically germinated seed- 
lings of five different species has been determined. In each case a similar root tip 
or tips was cultured in vitro. 

2. Riboflavin determinations were done on isolated roots from the stocks thus 
established. The roots used for assay were bases from which i-cm. apical tips had 
been removed and represented samples of the root tissue produced during each 
weekly culture period. The number of such bases which arose, during culture, from 
one initial seedling root tip was large; in the case of Datura, for example, over 1000 
were actually produced during 63 weeks of culture, and more could have been pro- 
duced had every branch tip been cultured. With every species, each of these bases 
contained markedly more riboflavin than the initial root tip from which the root or 
clone was derived. This evidence suggests that in all the species of isolated roots 
investigated, a synthesis of riboflavin took place during culture. 

CALiroRNiA Institute OF Technology 
, Pasadena, California 
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EFFECT OF MINERAL NUTRITION ON THE ASCORBIC^ 
ACID CONTENT OF THE TOMATO 


K. C. HAMNEE.,^ C. B, LYON,"* AND C. L. HAMNER-^ 

(with thirteen figures) 

Introduction 

A review of the literature concerning the nutritive value of the tomato fruit (3) 
has indicated that tomatoes may contribute significant amounts of ascorbic acid 
and provitamin A to the human diet, and that the relative amount of these con- 
stituents may vary considerably. It is known that these variations may be partial- 
ly correlated with differences in the hereditary constitution of the plant and with 
environmental relations during the growing season. This series of investiga- 
tions has been designed to measure the influence of environmental factors on 
the nutritive value of the tomato, and no attempt is made to measure genetic 
influences. 

The environmental factors may be arbitrarily classified as: (i) factors of the 
root environment which are influenced largely by soil conditions, that is, supply 
of nutrient elements to the roots, temperature, aeration, moisture supply, etc.; 
(2) factors of the top environment which are influenced largely by climatic condi- 
tions, that is, temperature, light intensity, light quality, length of photoperiod, 
relative humidity, etc. 

In this paper, ascorbic acid is the nutritive quality considered. The investiga- 
tions have emphasized variations in the growth and development of the tomato 
plant which result from differences in the supply of macronutrient elements in 
sand culture. Results of a few experiments which measure the influence of factors 
other than mineral nutrition are included. Experiments concerning the influence 
of microelement nutrition — as well as the effect of other individual environmental 
factors on nutritive value — are in progress, and constituents other than ascorbic 
acid are being considered. 

Four separate experiments have been carried out, using the Bonny Best variety 
of tomato as the experimental material. The first two are concerned with the in- 
fluence of wide variations in the supply of macronutrient elements to plants grow- 
ing in sand culture upon the growth, fruit production, and ascorbic-acid content 
of the fruit. The third and fourth deal with the ascorbic-acid content of fruit 
produced by plants under similar conditions of nutrient supply but subjected to 
variations in other environmental conditions. 

'’2 Agent and Associate Plant Physiologist, U.S. Plant, Soil, and Nutrition Laboratory; ^ x\gent, 
Bureau of Plant Industry, U.S. Department of Agriculture. 
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Investigation 
Experiment I 

Methods.’ — The method of preparing nutrient solutions was adapted from the 
technique described by C. L. Hamner (2). Six stock solutions were prepared with 
nine salts, using concentrations as given in table i. In so far as the major nutrient 
ions are concerned, each cation stock solution contains only one cation but all 
three anions. The concentration of anions in the cation stock solutions is constant. 
Conversely, each anion stock solution contains one anion but all three cations in 
comparable concentrations. The stock solutions were combined on the basis of 


TABLE 1 

Ionic concentrations of nutrient stock solutions 
IN milliequivalents per liter* 


Salt 

Ionic concentrations of individual stock solutions 

K 

Ca 

Mg 

NO3 

H2PO4 

SO4 

KNO3 

12 .0 

4-5 

9.0 



4-5 



KH2PO4 



4.5 






4-5 



Ca(N03)2 

12 .0 

4-5 

9.0 


12 .0 


Ca(H2P04)2 



12.0 


CaSO., 




12.0 

MgfNO.h 


12.0 

4 .St 

9.0 

9.0 


MgHPO^ 



9.0 


MgS04 




9.0 








*To each stock solution was added: o.s p.p.m. B as HBOj, o.s p.p.m. Mn as MnCL, 

0.05 p.p.m. Zn as ZnS04, 0.02 p.p.m. Cu as CuSO^, and 5.0 p.p.m. Fe as FeCeHsOy. 

t H.1PO4 was added to this solution to raise the concentration of the HaPO^ ion to the re- 
quired strength. 

ninths to secure a range of twenty-eight solutions of varying cation concentrations 
and twenty-eight solutions of varying anion concentrations (fig. i). Thus the 
apical position of the cation triangle lacks two cations; each side of the triangle 
lacks one cation; and the center portion of the triangle is supplied with all three 
cations in varying proportions. AH treatments in the cation triangle are supplied 
with anions in equal concentrations. 

On August IS, 1940, several thousand commercial seeds were planted in pure 
quartz sand and watered with a complete nutrient solution (position 13, fig. i) 
which had been diluted with distilled water in the ratio of 1:2. The seeds were 
planted in small crocks, fifteen per crock, and after germination the seedlings were 
thinned out, leaving two uniform seedlings in each pot. The plants were watered 
with the complete nutrient solution once each week and at other times during the 
week were supplied with small amounts of distilled water. 
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On September 12 the plants were 28 days old and approximately 4 inches high. 
At this time the seedlings were selected for uniformity and were transplanted 


H^P04. SO^ Ca Mg 

Fig. I . — Upper triangle is a diagrammatic representation of relative proportions of stock solutions used 
to produce 55 possible combinations. Left, below: 28 combinations of anion stock solutions used in 
experiment I. Right, below: 28 combinations of cation stock solutions used in experiment T. 

into 2-gallon glazed crocks containing pure quartz sand. Crocks totaling 1120 
were used and each crock contained two seedlings. The design provided for fifty- 
six nutrient treatments with twenty crocks (forty plants) per treatment. The 
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treatments were randomized on the greenhouse bench to minimize the influence 
of environmental variations on the results. The plants were watered twice weekly 
with nutrient solution and were flushed thoroughly once a week with distilled 
water, prior to application of the nutrient. At other times the plants were watered 
with distilled water as needed. The greenhouse temperature was maintained as 
nearly as possible at 70^ F., and low atmospheric humidities were avoided by fre- 
quently sprinkling the walks and walls of the house with water. Extreme care 
was exercised to preclude the possibility of infections with parasites or insects of 
any sort. The plants were pruned weekly of all axillary growth, and as flowers 
formed in the various treatments, the clusters were tapped by hand to insure pol- 
lination. A smaller amount of distilled water was used in watering the crocks as 
the light intensity decreased in the fall, but the plants were watered with the 
nutrient solution twice each week, a sufficient quantity being used to provide an 
appreciable amount of drip from each pot. 

A portion of the plant population was harvested at 61 days, when many were 
in bloom. Fresh and dry weight data were obtained, and details on the appear- 
ance recorded. The remaining portion of the population was maintained on the 
respective nutrient treatments until sufficient ripe fruits were analyzed for ascorbic 
acid. 

The chemical method was used in the determinations of ascorbic acid with a 
modification described by Morell (6). The aliquot, however, was titrated to an 
end point with standardized dye. A transverse section weighing approximately 
20 gm. was taken from the equatorial portion of the fruit. Various methods of 
sampling have shown that this procedure gives an accurate estimate of the average 
value of the fruit. 

Experimentation and results.— On October 15 all the plants were 61 days 
old and had been supplied with their respective nutrient solutions for 33 days. 
Eight crocks (sixteen plants) in each treatment were harvested, and, in addition, 
the tops of one plant from each of the twelve remaining crocks in each treatment 
were removed. The dry weights of these plants were determined (fig. 2). The 
total of twenty-eight plants is used as a criterion in the estimation of growth in 
a particular nutrient treatment. 

It may be seen that the several nutrient solutions employed have resulted in 
differing amounts of growth as measured by accumulation of dry weight. It there- 
fore seems apparent that the variations in the nutrient combinations were of suf- 
ficient magnitude to affect the behavior of the plants, even at this early date. This 
conclusion is supported by the appearance of the plants at this time. Certain 
symptoms which developed on plants in various treatments could be correlated 
with the absence of one or more ions in the nutrient medium. In general, a treat- 
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ment deficient in two ions resulted in intermingling of symptoms characteristic of 
the respective single ion deficiencies and will not be discussed separately. 

Phosphate-deficient treatments produced spindly plants with purple stems, 
deep purple-green upper leaves, and lower leaves which were pale green with a 
bronze cast. The dry weights were significantly less than the dry weights of plants 
produced under more optimum conditions of anion nutrition. The best appearance 
and growth in the phosphate-deficient treatments occurred in position 16, where 
relatively low nitrate and high sulphate conditions in the nutrient medium were 
prevalent. 

Nitrate-deficient treatments produced small plants with pale yellow upper 
leaves. The lower leaves in general were dead or completely lacking. These symp- 
toms were less striking in treatments with higher concentrations of nitrate and 
were not apparent under optimum conditions. Deficient treatments produced 
very little dry weight. With increasing nitrogen supply, the accumulation of dry 
matter became progressively greater. In the center portion of the triangle there 
is little or no indication of a sulphate or phosphate interaction. 

In the two treatments when lack of sulphate was not accompanied by phosphate 
or nitrate deficiencies, sturdy light green plants with thin yellowish stems and 
chlorotic lower leaves were produced. The dry-weight accumulation was approxi- 
mately 60 per cent of that produced under most optimum conditions of anion 
supply. When this deficiency was accompanied by the absence of another anion, 
the symptoms which developed more closely approximated those characteristic 
of the latter. 

Of the plants in the cation triangle, those receiving solutions deficient in 
potassium were the smallest. The lower leaves were yellow, and brown spots de- 
veloped on some of the younger leaves, with burning at the tips and margins of 
older leaves. A tendency for the leaves to curl downward was characteristic, es- 
pecially with those solutions high in calcium and low in magnesium. Dry- weight 
accumulation of these plants was considerably less than in treatments represented 
in the center of the triangle. 

In general, the plants grown in solutions deficient in calcium were small, with 
brown terminal buds which were in some cases dead, and in most cases the axillary 
buds turned brown and failed to develop. There were wide variations apparent in 
these treatments, and some of the plants were four or five times as tall as others. 
They grew vigorously, had fully expanded green leaves, and exhibited none of the 
symptoms of injury to the terminal bud. Occasionally one of the large plants was 
found growing in the same pot with another large plant, but more often they were 
found beside small plants showing extreme calcium deficiency. This variability in 
response to a nutrient supply deficient in calcium has been observed in other 
experiments. In this experiment, plants which were supplied with solutions con- 
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taining only magnesium as the cation were the smallest, and death of the terminal 
bud was not observed. In calcium-deficient treatments the accumulation of dry 
weight was relatively low. 

At this time, plants grown in magnesium-deficient solutions which contained 
both calcium and potassium were light green, and the lower leaves were chlorotic. 
The dry-weight accumulation of these plants was approximately 8o per cent of the 
maximum obtained. 

In both the anion and cation triangles, the treatments represented in the center 
portions produced healthy plants with no symptoms of chlorosis or necrotic areas 
on the leaves. The only apparent differences at this time were variations in size 
corresponding to those recorded in the dry- weight data. 

Subsequent to the initial harvest, the remaining twelve crocks per treatment 
containing one plant per crock were redistributed and randomized in the green- 
house with enough space between them to provide the best available lighting 
conditions. The plants were continued on their respective nutrient treatments, 
and fruit started to ripen during the early part of December. Each fruit was 
picked on the morning of the day that complete color change had occurred. Im- 
mediately after removal, the fruit was weighed, an ascorbic-acid determination 
made on a representative sample, and the rest of the fruit prepared for analyses 
of other constituents. Only occasionally were two fruits removed from a single 
plant, and usually the fruit used represented the first one ripened. All determina- 
tions were made on the day that the fruit was picked, and the results of 318 
analyses are given in figure 3. Within the limits of precision of this experiment, 
there are no significant difierences in the ascorbic-acid content of fruit produced 
by different treatments. It is significant, however, that the average ascorbic-acid 
content of all the fruits that were analyzed (13.3 mg. per 100 gm. fresh fruit) was 
approximately 50 per cent of the average values reported in the literature (3). 
These tomatoes were produced in the greenhouse in the fall of the year, when low 
light intensities were prevalent. The data of other experiments have a direct bear- 
ing on this point. 

The plants were continued on their respective nutrient treatments until Decem- 
ber 19, 1940. At this time all remaining plants were harvested, and measure- 
ments of dry weight of root systems, dry weight of vine, and fruit production were 
recorded. It was noted that the dry weights as well as the quantity of fruit pro- 
duced by the plants subjected to the various treatments were affected by relatively 
small variations in composition of the nutrient solutions. Variations occurred as 
the result of differences represented in the central region of the triangles. The 
symptoms characteristic of deficiencies were also apparent in treatments contain- 
ing small amounts of certain ions. Since the trends shown in data for these char- 
acters closely coincide with results obtained in experiment II, they are discussed 
later. 
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Experiment II 

Since the results of experiment I indicated that the ascorbic-acid content of the 
tomato fruit is not affected to any appreciable extent by wide variations in the 
supply of macronutrient elements to the plant, and since all values were relatively 
low, it seemed desirable to repeat the experiment during the regular growing 
season and to grow the plants outside instead of in the greenhouse. Several modi- 
fications of experiment I were introduced, including the use of an inbred strain of 
tomatoes, the use of more nutrient combinations, the analysis of a greater number 

NO3 K 



Fig. 4. — Left, the 44 combinations of anion stock solutions used in experiment II and right, the 43 
cation combinations. Refer to figure i (top) for proportions of stock solutions in each combination. 


of fruits for ascorbic acid, and a specific design for reduction and analysis of the 
data by statistical methods. 

Methods. — The inbred strain of the Bonny Best tomatoes used has been inbred 
for seven generations.'* Seed was planted in the greenhouse on May 12, 1941, in 
2-quart glazed crocks containing pure quartz sand. Two seeds were planted in 
each crock, and a complete nutrient solution (see treatment 25, fig. 4) was used 
during germination and seedling stage. On June 9, when the seedlings were 28 
days old and approximately 3 inches tall, uniform seedlings were transplanted 
into 2-gallon glazed crocks containing pure quartz sand, one seedling per crock. 
The seedlings were watered in with distilled water and immediately supplied with 
their respective nutrient treatments. On July i, all plants were placed outdoors, 
the crocks being supported on wooden blocks. The plants were trained upright. 

Seed supplied through the courtesy of Dr. LeRoy Powers, Senior Geneticist, U.S. Horticultural Field 
Station, Cheyenne, Wyoming. 


HAMNER, LYON & HAMNER— TOMATO 


S9S 


1942] 

and both crocks and plants were supported by stakes. All axillary growth was 
pruned off twice weekly, and the plants were harvested September 10. 

The design of the experiment was that of a randomized block (i) with eighty- 
seven treatments and four replications. Each replication consisted of a three-plant 
row and was randomized by the use of Tippett’s tables (8). Thus the mean of 
twelve plants was used as an estimation of the response to a given treatment, and 
a total population of 1044 plants was used. The data were reduced by means of 
the analysis of variance, and the t test (7) was used for determining whether par- 
ticular differences were significant. Odds as great as or greater than 99 : i against 
the deviations noted, being due to the errors of random sampling, were accepted 
as statistically significant. Subsequent to the time the seedlings were trans- 
planted, the same randomization and design was maintained both in the green- 
house and in the field. 

Nutrient stock solutions were made up exactly as in experiment I, and the 
system of triangulation was the same. The number and position of the treatments, 
however, were modified (fig. 4). Thus, in this experiment, the nutrient stock solu- 
tions were combined on the basis of ninths to provide forty-four solutions of vary- 
ing anion composition and forty-three of varying cation composition. 

During the early growth stages, nutrient solution was supplied to the plants 
three times each week. As the summer progressed, nutrients were supplied every 
other day, and finally — when fruits were ripening — they were applied four times 
per week. The solutions were applied in quantities sufficient to insure an appreci- 
able amount of drip, and each pot was watered with distilled water between 
nutrient applications. 

During germination and the seedling stage, greenhouse temperatures were 
maintained at 85"^ F. in the daytime and 70° at night. Subsequent to transplant- 
ing, the temperatures in the greenhouse closely approximated those prevailing 
outside. 

The mean daily temperature for the duration of the experiment was 67.7® F., 
with a mean maximum of 80.9° and a mean minimum of 55.3° F. The mean maxi- 
mum temperatures in June, July, and August were 79.8°, 84.6°, and 79.3° F., re- 
spectively. Mean relative humidity from May 12 to September 10 was 45.2 per 
cent at 1:30 p.m. The average daily total of solar radiation for this period was 
520.7 gram calories per square centimeter of horizontal surface. 

Experimentation and results. — On July 23, all plants were 72 days old and 
had received their respective nutrient solutions for 46 days. At this time— and at 
weekly intervals thereafter — each plant was measured and the height in centi- 
meters recorded. When the plants were 120 days old and had received their re- 
spective nutrient treatments for 94 days (September 9), they were harvested, the 
vines immediately weighed, and the number of elongated internodes counted. 
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The root systems were washed as free from sand as possible. Subsequent to this 
time/ the vines' and, root systems were dried at 60*^ C. for 4 days in a forced-draft 
oven. The. root systems were separated from all sand particles by pu!verizi.ng,the 
dried material with adhering sand and separating these components by air pres- 
sure: Both the root systems and the vines of each plant were weighed and the dry 
weights recorded. These data were compiled, and the average length of internodes, 
the percentage dry matter of the vine, and the top-root ratio computed. 

Fruit started to ripen in late July and early August. On July 25, data were re- 
corded on the occurrence of blossom-end rot. These data, together with the results 
of mineral analyses on the fruit, are reported in a separate paper (5). All diseased 
fruits were discarded. Only healthy normal fruits were allowed to mature, and 
each fruit was picked on the morning of the day that complete color change had 
occurred. The entire population was examined daily until the end of the experi- 
ment. When picked, a fruit was immediately weighed, a portion analyzed for 
ascorbic acid, and the remaining portions prepared for analyses of other con- 
stituents. Only the first two fruits which ripened per plant were used for analytical 
procedures, but records were kept of the weight of every fruit as it was picked in 
order to compile data on total fruit production and mean fruit size. Upon comple- 
tion of the experiment, all fruits were picked, counted, and weighed. 

During the course of the experiment, careful notations were made on the gross 
appearance of the plants. The differences in the various treatments were similar 
to those recorded in experiment I and are not given in detail here. However, cer- 
tain contrasts were obvious. The lack of uniformity in plants supplied with 
calcium-deficient nutrients noted in experiment I was not apparent in experiment 
II. Symptoms of calcium deficiency developed shortly after initiation of the 
treatments, and death of the terminal buds occurred within 32 days. Responses to 
low nitrate concentrations were more striking in the second experiment than in 
corresponding treatments of the first. Maximum growth occurred in comparable 
treatments in both experiments; but the plants were more sturdy, had thicker 
stems, produced more and larger fruit, and did not grow so tall in the second. The 
differences in environmental conditions of the two seasons represented should be 
kept in mind. It is, however, the similarities in response to treatment which, should 
be emphasized. That the general trends of experiment I are duplicated in experi- 
ment II is interpreted as evidence that they represent actual responses on the 
part of the plant to variations in nutrient composition. 

The results of the growth measurements are given in figures 5 and 6. The curves 
are presented largely for comparison and for an estimate of the relative rates of 
growth at different times. Data on growth and fruitfulness are given in figures 
7-11, ■ 




cation treatments are presented. 







Fig. 7.*~-Fresli weight of vine (in grams) for anion treatments (above) and cation treatments 
(below) of experiment II. 

^ *Iii figs. 1 - 12 , treatment means given together with their standard error. In any inter-treatrnent cominirison, .six degrees 
of freedom are available. Wheni = .^.7i.P = o.oi. 









Fig. 9,— Dry weight of root system (in grams) for anion treatments (above) and cation treatments 
(below)' of experiment II. ' 







Fig. io. — T otal fresh weight of fruit per vine (grams) for anion treatments (above) and cation treat 
meiits (below) of experiment II. 







Fig. II.— Number of fruit which ripened per plant for anion treatments (above) and cation treat- 
ments (below) of experiment II. 
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This experiment had been specifically designed so that data obtained for any 
character could be analyzed for the presence or absence of statistically significant 
differences. Accordingly, analyses of variance were computed for each individual 
character, and the results are compiled in table 2. Since one replication in one 

TABLE 2 


Results of analyses of variance on characters 
FOR which data WERE RECORDED 


Character 

F VAI 

Between 

TREAT- 

MENTS* 

UE 

Between 

REPXICA- 

TIONSf 

A. Vegetative growth 



I . Height of plants (weekly measurements) 

II9.7I 

14.89 

2. Number of internodes 

71.99 

0.08 

3. Average length of internodes 

14.44 

26.58 

4. Fresh weight of vine 

170.88 

2.54 

Dry weight of vine 

133.70 

4.87 

6. Percentage dry matter of vine 

22 . 77 

21 . 72 

7. Dry weight of root system 

5-32 

2.60 

8. Top-root ratio 

10.02 

7-73 

B. Fruit productionf 



I. Total fresh weight of fruit produced 

IOI.5I 

1 , 70 

2. Total number of fruit produced 

60.03 

1 .21 

3, Average fresh weight of fruit (regardless of state of 



maturity) 

44.62 

1.51 

4. Mean number of fruits which ripened per plant. . . . 

31.85 

S ..50 

5. Average fresh weight of mature fruit 

33.4s 

0,8s 

6. Number of days from planting to date of first fruit 



rine 

11.91 

0.79 


C- Vitamin C content of first two mature fruits on each 



plant 

S.47 

S.27 



* An F value of 1.34 is required for a P value of 0.05; when F = 1.49, P = o.oi. 
t An F value of 2.64 is required for a P value of 0.05; when F — 3.86, P = o.oi. 
t All fruits Infected with blossom-end rot discarded from this experiment. 


treatment was discarded as a result of mechanical injury, Yates’ formula (9) was 
used for the estimation of the missing plot in order to maintain orthogonality. 
Thus the sources of variations are: 

No. OF DEGREES 


Variation due to: of freedom 

Treatments 86 

Replications.. 3 

Treatments X replications (error) 257 

Total ..... 346 


This procedure was followed for all characters except height of the plants. In this 
character the data were further reduced in order to furnish additional information. 
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It is evident from table 2 that treatments produced statistically significant 
differences in all the characters listed. It is also evident that differences in en- 
vironment—when measured by replications—produced significant differences in 
such characters as height of plant, average length of internodes, dry weight and 
percentage dry matter of the vine, top-root ratio, mean number of fruits ripening 
per plant, and ascorbic-acid content of the fruits. This means that replication and 
randomization were essential to the design of the e.xperiment. Since replication 
differences were measurable in the analysis of variance, and since these differences 
were not included in inter-treatment comparisons, valid differences exist which 
can be ascribed directly to the treatments. 

The analysis of variance for height of plants provides one other point which is 
pertinent to the interpretation of results. In this character, where 12,528 meas- 
urements were involved, the validity of a treatment X replication interaction was 
tested. A significant F value of 1.41 (when F = i.23, P = o.oi) was obtained for 
this source of variation, which means that treatments do not react equally to 
differences in environment. 

The data obtained in the anion treatments show uniform trends in all the char- 
acters present. The shaded portions of the triangles represent those treatments 
where maximum growth or fruitfulness was obtained. It is evident that, in gen- 
eral, the same treatments fall in the shaded portion for every character. These 
treatments contain 14.2-17.0 milliequivalents of nitrate per liter of nutrient 
medium. At lower concentrations of nitrate growth and fruitfulness were cor- 
respondingly less. In the nitrate-deficient treatments little growth was obtained 
after 32 days (fig. 5). However, some growth subsequent to this time is shown in 
the growth curves, which may be indicative of nitrogen reutilization. 

When phosphate was absent in the nutrient media, growth and fruitfulness 
were poor. In this experiment it is evident that 2.8 milliequivalents of phosphate 
(one-ninth of the phosphate stock solution) was sufficient to result in a maximum 
expression of any character under conditions of comparatively high nitrate and 
low sulphate supply. Plants grown in sulphate-deficient treatments were the 
most productive of any grown in the anion deficiencies. In treatment 22, the 
plants were as tall as any in the anion triangle, and mean values for other char- 
acters were 60-100 per cent of maximmn. Treatments where maximum values 
were obtained for all characters (shaded areas) contained 2.8-8.5 milliequivalents 
of sulphate. 

Since growth and fruitfulness were limited by nitrate supply in most of the 
treatments, the effects of the higher concentrations of sulphate and phosphate 
may have been concealed. In sulphate-deficient treatments the higher nitrate and 
low phosphate concentrations were detrimental. This does not conform to the 
general effect of nitrate supply and will be emphasized in the discussion of 
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ascorbic-acid values. Treatments 9, 13, and 14 give maximum values for all char- 
acters, while certain other treatments have resulted in comparable values for 
some of the characters and not for others. Thus, in treatment 22, maximum 
fruitfulness and growth in height were attained, but fresh and dry weights of vines 
were significantly less. The sulphate-deficiency symptoms which occurred in these 
plants give supporting evidence that treatment 22 was not optimum. When many 
characters are evaluated, it is possible to demonstrate statistically significant 
differences for small variations in ionic concentrations of the nutrient medium. 
It is also possible — within relatively narrow limits — to determine the optimum 
composition of the solutions used. 

The interpretation of treatment effect in the cation triangle depends upon the 
character under consideration. In general, variations of growth in height among 
treatments followed the same trends as were obtained for fresh weight of vines and 
dry weight of vines and roots. This group of characters is therefore discussed as a 
unit and contrasted with fruitfulness where different trends are apparent. 

Calcium deficiencies resulted in the smallest plants produced in any of the cation 
treatments. When as small an amount as 2.8 milliequivalents of calcium per liter 
was present in the nutrient medium (shaded areas), growth in height and fresh and 
dry weights were maximum. This is the lowest concentration used in any treat- 
ment containing calcium. The concentration of potassium and magnesium in 
optimum treatments varied from 5.7 to 17.0 milliequivalents per liter, and varia- 
tions in their relative proportions produced no significant effects within these 
ranges. The effect of treatment on the dry weight of the roots is discussed in con- 
nection with a consideration of the percentage dry matter. In potassium-deficient 
treatments — unless calcium was absent — ^growth was approximately 40 per cent 
of maximum when height of plant was used as a criterion. The fresh weight of 
vines and dry weights of vines and roots were relatively less, with no values ex- 
ceeding 10 per cent of maximum. With magnesium deficiencies, certain treatments 
produced much more growth than others, depending upon the relative propor- 
tions of calcium and potassium present. Plants of treatment 69 were 80 per cent 
as tall and produced 30“40 per cent as much fresh and dry weight as the optimum 
treatments. It may be noted that treatments deficient in both potassium and 
magnesium resulted in relatively tall plants with comparatively little fresh or 
dry weight. 

The data for fruitfulness may be contrasted with the observations for other 
characters. Nutrient treatments resulting in maximum values for total weight of 
fruit per vine contained the following milliequivalents per liter of major cations: 
1 1. 3“i 7.0 of calcium, 2.8-8. 5 of magnesium, and 5.7-1 1.3 of potassium. The 
greatest number of fruits ripening per plant occurred over a wider range of con- 
centrations but include the preceding optimum treatments. Other data, including 
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number and average weight of fruit produced, support the generalization that 
fruit production is greatest in high calcium treatments. As the calcium content of 
the nutrient medium was less, fruitfulness was correspondingly less; but at low 
concentrations of calcium, fruit production was greater in those treatments con- 
taining relatively low potassium and high magnesium. It is apparent that plants 
grown in treatment 69 (deficient in magnesium) were approximately 70 per cent as 
fruitful as any in the cation triangle, and it will be recalled that these plants also 
produced relatively large vines. Optimum fruitfulness and optimum vine growth 
have not occurred in the same nutrients. However, total dry weight production 
(vine + roots + fruit) was greatest in treatments where best fruitfulness was ob- 
served. 

It is evident from table 2 that detailed data for many characters are not pre- 
sented. However, the data for percentage dry matter in vines furnish several 
pertinent correlations and are given in figure 12. In general, there is an inverse 
correlation between growth and fruitfulness and percentage dry matter. Sig- 
nificantly high values for the latter character were obtained in all deficiency treat- 
ments (except in some deficient in sulphate and in one deficient in magnesium). 
In treatment 48, the percentage dry matter of the vines was significantly less than 
in any other treatment. Figure 9 shows that maximum dry-weight accumulation 
in root systems also occurred here. There is no obvious explanation for this cor- 
relation. 

Certain correlation coefficients contribute to the interpretation of the data. 
From table 2 it is apparent that statistically significant differences between treat- 
ments were demonstrable for the average length of internodes as well as for the 
number of internodes. The average length of internodes was significantly less 
when plants were grown in nitrate-deficient solutions and was significantly greater 
in treatments deficient in potassium (except the treatment also deficient in calci- 
um) and in those treatments where maximum growth in height occurred (50, 51, 55, 
56,61,67,75). The greatest number of internodes coincided with the greatest height 
of plants in the anion triangle; but such was not the case in the cation triangle, 
where maximum values were obtained in treatments 50, 54, and 55. Further re- 
duction of the data therefore seemed desirable. Assuming x = height of the plant, 
y = number of elongated internodes, and z = average length of elongated inter- 
nodes, then 

(a) fSxy = •+• 0,977 

(b) fxz = +0.268. 

With the respective number of degrees of freedom involved (85), a value of 0.275 
is required when P = 0.01, and thus a significant correlation exists in equation (a) 
and is not demonstrable in equation (b). According to P values arbitrarily re- 

s f, Correlation coefficient between indicated variables. 
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quired in this experiment, no general correlation occurred between height of 
plant and average length of elongated internode, while a highly significant correla- 
tion occurred between height of plant and number of internodes. This is reason- 
able considering the variation in response obtained, and it is surprising that sig- 
nificantly longer inter nodes occurred in certain treatments. 

Data on top-root ratio, total number and average weight of friiit, and earliness 
support in general the other observations that growth and fruitfulness are sig- 
nificantly affected by the variations in nutrient composition in this experiment. 
It is felt that individual discussion of these characters is not necessary. 

Ascorbic-acid determinations were made on 1447 fruits in this experiment, and 
the results are presented in figure 13. From table 2 it is evident that statistically 
significant differences between treatments occur for this character. However, no 
significant differences were obtained between any of the treatments not deficient 
in one or more of the macronutrient elements. Deficiencies in potassium and 
phosphate resulted in significantly less ascorbic-acid content, while treatments 
deficient in nitrate resulted in relatively high values but few fruit were produced, 
and the results are not statistically different from the other treatments. No fruits 
were analyzed in treatments deficient in calcium, since none matured. Significant- 
ly higher ascorbic-acid values were obtained in treatments 2, 4, 7, and ii, which 
were deficient in sulphate. These treatments were relatively high in nitrate and 
low in phosphate, and it was pointed out in the discussion of fruitfulness that such 
a condition was detrimental. 

Although significant mean differences in ascorbic-acid values are demonstrable, 
the magnitude of the differences is not great. These conditions of extreme nutrient 
deficiency are probably rarely encountered in commercial production. The im- 
portant fact is indicated that a macronutrient supply adequate to produce a fair 
yield is not a limiting factor in ascorbic-acid content. In situations where extreme 
deficiencies of potassium and phosphate seriously limit production, fertilization 
may increase ascorbic-acid content as well as yield. 

While many data obtained in experiment I have not been included in this paper, 
it should be emphasized that the same trends were apparent in both experiments. 
The maximum values for growth and fruitfulness occurred with identical condi- 
tions of nutrient composition, and — ^as in experiment II — the highest ascorbic- 
acid value in experiment I resulted from sulphate deficiency. In the latter ex- 
periment, however, the plants produced more fresh and dry weight and were far 
more fruitful. Average ascorbic-acid values were also twice as high. 

Experiment III 

In spite of the fact that the ascorbic-acid content of the fruits from various 
treatments was remarkably uniform in each of the previous experiments, a wide 




(XJO'T' 

OJ +,‘-' 

O) — ^ 


K ^ !l 




fV] ~t_j 

oj o<z: 

O ^ CM 

tT) . r: 

cmt;'-" 

— 1 

(VJ Oi — 1 
« —h- 

CM J 

92W 


f\i — 

S-^ 


-j OJ 

CM 0(^ 
.n ''t 


^ § (M 

'Jf-l 

f3o~ 


So£i 


P95 

~r;£i 


3 ( — 1 

5 f\J 


cd ^ CM 


i ^ 

to 

CM “it- • 

O) -4—, 

k/ tn Gi 

i*f— > 

DC\J 

®7,~ 



C\J 

(\J Or-. 

cr> 00 

S;i£i 

Ol N 


- (T) •/) f\J 

ro-t-j 


- — - — “ cd_.'{\) 

_ 5 „ 


brackets. Left, anion triangle and right, cation triangle. 




6 io 


BOTANICAL GAZETTE 


[march 


variation was noted between the average values of the two experiments. Since 
the first experiment was conducted in the greenhouse during the fall and winter 
months and the second was out-of-doors during the summer, it seemed possible 
that climatic environmental factors might have been primarily responsible. The 
purpose of experiment III was to measure the influence of soils and of variations 
in environment associated with the top of the plant on the ascorbic-acid content 
of the tomato fruit. 

Methods. — Five widely separated locations in the United States having differ- 
ent climatic conditions were selected. These locations included Ithaca, New 
York, Riverside, California, Berkeley, California, Cheyenne, Wyoming, and Lake 
Geneva, Wisconsin.^ The inbred strain of Bonny Best tomatoes used in experi- 
ment II was grown in good garden soil at each location. The soil was undisturbed 
at Riverside and Lake Geneva but was confined to large containers at all other 
locations. The plants were grown out-of-doors, except at Berkeley, where the 
plants were grown in a well-lighted greenhouse. A large sample of soil from three 
of the locations was shipped to Ithaca, and the same strain of tomatoes was grown 
in each of the soils. As nearly as possible the same fertilizer and cultural practices 
were followed for a particular soil sample at Ithaca as was used for the soil at its 
original location. At the same time at each location the same strain of tomatoes 
was grown in sand culture, and Hoagland’s nutrient solution (4) was used. At all 
locations the vines were pruned of all axillary growth and supported by stakes. 
The fruits were picked at each location when completely red and analyzed for 
ascorbic acid as previously described. Thus two sources of variation on the 
ascorbic-acid content of tomato fruits were tested: (a) differences between 
climates when plants are grown in naturally occurring soils and in sand cultures; 
and (b) effects of different soils in the same environment. The design also per- 
mitted a comparison of soil and sand culture as it affected ascorbic-acid content. 

Results AND DiscxJSSiON. — ^The ascorbic-acid analyses of fruits from plants 
grown in naturally occurring soils and in sand cultures at the various locations are 
given in table 3. It is evident that fruit produced on plants grown in naturally 
occurring soils or in sand culture at various locations varied in ascorbic-acid con- 
tent. Mean differences well in excess of three times their standard errors are 
demonstrable, and hence the variation is significant. At Ithaca, Riverside, and 
Berkeley only slight differences in the ascorbic-acid content of the fruit were 
observed when soils and sand cultures were compared. In all three locations the 
mean differences were not of sufficient magnitude to demonstrate P values of o.oi 
in a t test and hence are not considered as significant. 

® The writers gratefully acknowledge the collaboration of Drs. H. E. Hayward, D. R. Hoagland, and 
A. C. Hildreth. 
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At Ithaca no special sand culture was set up using Hoagland’s solution, since 
in experiment II a large number of sand cultures were available for comparison 
with the soil. The figures used in table 3 were those analyses obtained for fruit 
ripening during the same time interval that fruits were harvested from the soil- 
culture plots. However, since Hoagland’s solution calls for the use of ammonium 
salts, a separate comparison was later made between solution 2 5 of experiment II 
and Hoagland’s solution. No significant difference in ascorbic acid was noted be- 
tween the two treatments, so it is assumed that this comparison is valid. 

TABLE 3 

Analysis of ascorbic-acid content of tomato fruits from plants 

GROWN IN soil OR IN SAND CULTURE UNDER DIFFERENT ENVIRON- 
MENTS. Values expressed as milligrams of ascorbic acid per 
100 GM. fresh fruit 


Location 

Plants growth 

In naturally occur- 
ring SOILS 

In sand culture 

Mean± SE 

No. OR 

analyses 

Mean+SE 

No. OR 

analyses 

Ithaca, New York 

24.7 + 0.94 * 

17 

24.6±i .13* 

30 

Riverside, California 

21.2+0.65! 

23 

22.5+0.92 

17 

Berkeley, Californiat 

18.0+0.41 

14 

16.0+0.75 

18 

Lake Geneva, Wisconsin, . . 

23.7+0.67! 

15 

30.5 + 1 .12 

IS 

Cheyenne, Wyoming 

27.1fl.34 

20 








* Plants supplied with nutrient solutions of e.Kperiment IL Analyses are of fruit which 
ripened during same time interval as those from soil plot, 
t Plants grown in undisturbed soil. 

J Plants grown in the greenhouse. 

At Lake Geneva, however, a significant mean difference of 6.8+ 1.31 mg. was 
observed for the ascorbic-acid content of fruits on plants grown in soils and those 
grown in sand culture. The explanation for this discrepancy is not known, but the 
following observations may be pertinent. During the early growth of the plants 
at this location, the sand cultures were watered liberally with nutrient solution, 
and the plants grew very rapidly (more so than comparable plants in soil). The 
blossom set of the first blossom clusters was very poor, most of the clusters falling 
from the plant soon after bloom. The general appearance of the plants indicated 
an over-abundant supply of nitrogen. In order to assure a good set of fruit, there- 
fore, nutrient solution was withheld from the plants for varying periods of time 
after first bloom, and the plants were watered with spring water. Nutrient solu- 
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tion was supplied from time to time to assure adequate growth and good fruit set. 
These plants grown in nutrient solution at Lake Geneva produced more luxuriant 
growth than did the plants in sand culture at any other location. 

The preceding data indicate that fruit produced on plants growing in a good 
soil may have the same ascorbic-acid content as fruit produced on plants growing 
in a complete nutrient solution. The variations which occurred between the two 
treatments at the one location (Lake Geneva) indicate that the technique of 
applying nutrient solutions may possibly be important. 

The results of ascorbic-acid analyses of fruits from plants grown in different 
soils, but under the same conditions of climatic environment, are given in table 4. 
It is evident from the data that the soils used in this experiment do not sig- 

TABLE 4 

ASCORBIC'ACID content* of fruits on plants grown 
IN different soils but in same climatic 
environment at Ithaca 


Soil from 

Mean±S.E. 

No. OF 

ANALYSES 

Ithaca, New York. 

24.7*±0.94 

17 

Berkeley, California 

24.1 ±1.12 

16 

Cheyenne, Wyoming 

24.4 ±0.94 

21 

Lake Geneva, Wisconsin 

26.0 ±1,76 

II 


* Mg. ascorbic acid per loo gm. fresh weight of fruit. 


nificantly alter the ascorbic- acid content of tomato fruits under conditions of the 
same climatic environment. It is realized that the properties of soils are altered 
when they are disturbed in transporting from one location to another, and there 
seems to be no way to correct for this factor. It should be recalled, however, that 
the soil at three of the locations was placed in large containers, and the handling 
involved probably represented as much disturbance as was involved in sending 
comparable soils to Ithaca. 

A comparison of the ascorbic-acid values shows much greater differences be- 
tween fruits produced at different locations than between fruits produced on 
plants in the different soils at a single location. In fact, all the soils used at 
Ithaca produced fruit of equal ascorbic-acid content. On the other hand, at 
Berkeley the average value was x8.o±o.4i mg. per 100 gm., while at Cheyenne 
the values were 27.1+ 1.34 mg. 100 gm. Thus the location where the plants are 
grown may produce a significant influence upon the ascorbic-acid content.^ W 
the plants at Berkeley produced fruit relatively low in ascorbic acid, it should be 
noted that these plants were grown in the greenhouse. Results from experiment 
IV have a bearing on this point. 
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In this connection, it should be noted that environment within a given climate 
significantly affects the ascorbic-acid content of the fruit. From experiment II 
(table 2) it is evident that significant differences between replications occurred for 
this character. 

When the ascorbic-acid content of fruits produced in selected rows from east to 
west in the experimental plot was computed, values of 24.6 + 0.85, 26.8 + 1.06, 
27.9+0.93, and 29.3+ 1.02 mg. per 100 gm. fresh weight were obtained. Each of 
these values represents forty or more analyses, and the plants on the east side of 
the plot produced fruit significantly low in ascorbic-acid content. 

Experiment IV 

During the course of the three previous experiments, several additional in- 
vestigations, relatively simple in design, were carried out. Most of them were con- 
ducted concurrently with experiments II and III, and some of the data of the latter 
are used for comparisons. 

At the time the plants were grown out-of-doors at Ithaca in the four different 
soils, comparable plants were grown in the greenhouse in the same soils. The 
average ascorbic-acid content of the sixty-five fruits analyzed from the plots 
outside was 24.7 + 0.18 mg./ioo gm., while the average of fourteen analyses of 
fruits in the greenhouse was 23.9+1.46. It is evident from these values that the 
ascorbic-acid content of fruits produced in the greenhouse is not significantly 
different from that of fruit produced out-of-doors at the same time of year. 
The great differences in the acid content of fruits between experiments I and II 
cannot be ascribed merely to the fact that one was carried out in the greenhouse. 
Two different sources of seed were used in the two experiments, and it was thought 
that genetic differences between the plants might explain the variation in ascorbic- 
acid values. To test this possibility, plants of the same inbred strain as used in 
experiment II were grown in the greenhouse during the fall and winter of 1941. 
They were grown in sand culture and supplied with a complete nutrient (treat- 
ment 25, fig. 4) . Fruits were harvested during late November and early December. 
The average ascorbic-acid content of twelve fruits was 12.2 ± 0.20 mg. per 100 gm. 
fresh fruit. These values closely approximate those obtained in experiment I, 
indicating that the ascorbic-acid content is dependent to a large extent upon the 
season in which the plants are grown. 

Several miscellaneous observations were made during the course of the experi- 
ment. At Lake Geneva, besides the two sets of plants grown in sand culture and in 
soils, a third set of comparable plants were grown in soils but the vines were not 
staked or pruned. These plants grew luxuriantly and produced the heaviest crop 
of fruit of any of the three lots. The average ascorbic-acid content of these fruits 
was 20.5 + 0.78 mg. per 100 gm. (fifteen analyses). When this value is compared 
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with a similar value for fruits from supported vines (23.7 + 0.67 with fifteen 
analyses), a significant mean difference of 3.2 + 1.03 (/ = 3.ii) is demonstrable. 
While supporting the vines at this location significantly increased the ascorbic- 
acid content of the fruit, the magnitude of the differences was not great. 

General discussion 

These results have indicated that minor variations in the relative concentrations 
of the macronutrient elements in the nutrient medium may exert a marked influ- 
ence on the growth and fruitfulness of tomatoes. In general, variations in calcium 
and nitrate produced more apparent , differences over wider ranges of concentra- 
tions than were obvious with the other elements. The tallest plants were corre- 
lated with low concentrations of calcium, but greatest fruitfulness occurred at 
calcium levels which were four to six times as high. Similarly, as the concentration 
of nitrates was increased from 0,0 to 8.5 milliequivalents per liter, growth and 
fruitfulness were correspondingly greater. While marked variations in plant re- 
sponse could be directly correlated with differences of from 0.0 to 2.8 milliequiva- 
lents of the other macronutrient elements, it is evident that some effects were pro- 
duced by other ranges in concentration. It is difficult, however, to relate these 
effects directly to variations in the concentration of any individual ion. Thus, at 
calcium concentrations of 5.7 milliequivalents, much greater fruitfulness resulted 
when potassium was relatively low and magnesium relatively high. At this same 
calcium level, however, greatest growth in height occurred when potassium was 
relatively high and magnesium relatively low. Other examples could be cited 
which would also illustrate the interaction of ionic effects, even in treatments com- 
pletely lacking one or more ions. 

The results of ascorbic-acid determinations have shown little correlation with 
variation in macronutrient supply, even though growth and fruitfulness were 
markedly affected. This may indicate that little variations in ascorbic-acid con- 
tent would be expected to result from soil differences in so far as such differences 
are the result of macronutrient supplying power. This is supported by the fact 
that the four soils tested had no effect. Other soil differences, however, such as 
physical structure or the ability to supply micronutrients, might be important. 

Ascorbic-acid content was found to be correlated with climatic environmental 
differences associated with season and location. Such differences might include 
variations in length of day, light quality, light intensity, temperature, etc., and 
these possibilities are being investigated at the present time. 

It seems likely that the effects of climatic environmental factors upon ascorbic 
acid may have considerable practical importance, especially since many of the 
fruits consumed during the course of the year are produced in greenhouses during 
the winter. If, as these results indicate, winter-grown fruits are consistently 50 per 



HAMMER, LYON & HAMMER— TOMATO 


615 


1942] 

cent lower in ascorbic acid than summer fruit, then the value of tomatoes as an 
anti-ascorbutic agent would be relatively low during the season when the problem 
of getting an adequate supply of the vitamin in the diet is more difhcult. If other 
varieties behave in a manner similar to this particular strain of Bonny Best and in 
the winter produce only 12 mg. per 100 gm. of fresh fruit, then the average 
ascorbic-acid values for tomatoes in various food tables would have to include 
separate values for summer- and winter-grown fruit. In these experiments winter- 
grown fruits are lower in ascorbic acid than many canned products which are 
prepared from summer-grown tomatoes. 

Summary 

1 . Four experiments were carried out to measure the influence of environmental 
conditions on the ascorbic-acid content of Bonny Best tomatoes. Two of them 
were designed to test the influence of macronutrient supply and the others 
measured the influence of climatic environmental factors. 

2. In sand cultures, growth and fruitfulness could be correlated with minor 
variations in nutrient composition. 

3. Gross appearances of plants grown in eighty-seven different solutions are 
discussed and quantitative data presented for growth and fruitfulness. These data 
are reduced and analyzed by statistical methods. 

4. In general, variations in calcium and nitrate in the nutrient medium pro- 
duced greater differences in growth and fruitfulness of plants over wider ranges 
of concentrations than were obvious with the other elements. Interactions of the 
effects of various elements were noted. 

5. Ascorbic-acid content of the fruit was significantly higher in some sulphate- 
deficient treatments and significantly lower in potassium and phosphate de- 
ficiencies than average values. With these exceptions, no demonstrable effect of 
mineral nutrient supply on ascorbic acid was observed. 

6. Plants grown during the fall and winter produced fruit with approximately 
one-half as much ascorbic acid as was produced by comparable plants during the 
summer. 

7. The location where the plants were grown had an effect upon the ascorbic-acid 
content of the fruit. These effects could not be correlated with differences be- 
tween soils at the several locations and were apparently associated with differ- 
ences in the environment of the top of the plant. Significant positional effects on 
ascorbic-acid content, even in a relatively small trial plot, were observed. 

8. Plants grown in sand culture supplied with a balanced nutrient solution pro- 
duced fruit as high as or higher in ascorbic- acid content than that obtained through 
the use of a good soil. 

9. Several other observations are included relative to the effects of variations 
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in mineral nutrition on growth and fruitfulness and the influence of environment 
upon ascorbic-acid content. 

io. A discussion of the possible practical significance of the results obtained is 
included. 

XJ.S, Plant, Soil, and Nutrition Laboratory 
Ithaca, New York 
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CHROMOSOME FRAGMENTS IN LILIUM WILLMOTTIAE AND 
HYBRIDS BETWEEN IT AND L. DAVIDII^ 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 540 

J. M. BEAL 
(with nine figures) 

Chromosome fragments have been reported in Lilium japonicum (2, 3, 4, 5), 
L. henryi (2, 3, 4), and L.formosanum and L. tigrinum (4). L. willmottiae can now 
be added to the list, since more than 95 per cent of the microsporocytes in smear 
preparations from plants of this species growing at Wychwood, Lake Geneva, 
Wisconsin, have shown one fragment in addition to the twelve normal bivalents. 

The fragment is easily detectable at diakinesis and at late metaphases of 
meiosis I (fig. i), since it generally passes intact to one pole of the spindle before 
the bivalents disjoin. At late anaphase of meiosis I (fig. 2) it lies near the attach- 
ment constriction region of the anaphasic group of chromosomes and later is in- 
cluded with the chromosomes of this dyad nucleus when the nuclear membrane 
forms. 

The behavior of the fragment during meiosis II has not been determined. The 
fragment is short and compact and its structure obscure. In several instances it 
has appeared as a compact double body as it passes toward the pole in meiosis I; 
hence it is possible that it may divide in meiosis II and thus provide a fragment 
for two of the four quartet nuclei and microspores. It may not divide in meiosis 
II, however, and in this event only one of the four microspores would possess the 
fragment in addition to the haploid number of twelve chromosomes. 

The point of immediate interest associated with the fragment is that it is found 
in certain hybrids between L. willmottiaeXL. davidii and the reciprocal cross, 
Microsporocytes from a single slide of L. davidii have failed to show fragments in 
this species during diakinesis and metaphase I. This is not decisive proof of their 
absence, but evidence from the hybrids to be mentioned shortly indicates the 
nonoccurrence of fragments in this species. 

During the summer of 1937, crosses were made between L. willmottiaeXL, 
davidii L, davidiiXL, willmottiae. Viable seeds were obtained as a result of 
both crosses and numerous seedlings have been established. All the seedlings 
resemble L. willmottiae much more closely than the other parent, and the hybrids 
are larger than either parent. Many of them produced flowers in the summer of 

^ This work was supported in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chicago. 

617I 


[Botanical Gazette* vol. 103 



6i8 


BOTANICAL GAZETTE 


[march 



1940 and again in 1941. Anthers from a number of the flower buds were smeared, 
and the microsporocytes fixed in Navashin’s solution and stained according to the 
gentian violet-iodine method, but no record was kept of the individual plants from 
which the various slides were made. Twelve of these slides show either first or 
second meiotic divisions, six being from the L. willmoUiaeXL. davidii cross and 
six from the reciprocal. Of the twelve slides, one shows no fragments in any of the 


Figs. 1-9. — Fig. 1, L. willmottiae, metaphases I. Fig. 2, same, late anaphase I. Fig. 3, L. willmottiae'K 
L. davidii^ metaphase I. Figs. 4-6, same, metaphase I, two fragments in each sporocyte. Figs. 7, 8, L. 
davidiiXL. willmottiae^ anaphases I. Fig. 9, same, metaphase II. Fragment in left dyad at right of upper 
center. 


sporocytes. This slide was made from one of the plants resulting from the L, 
davidiiXL, willmottiae cross, which indicates that fertilization had been ac- 
complished by a gamete from a pollen grain which did not possess a fragment. One 
slide from the L. willmoUiaeXL. davidii cross showed two fragments (figs. 4”6) of 
unequal sizes, while the remaining ten slides representing both crosses all show 
one fragment in practically every sporocyte (figs. 3, 7-9). 

The origin of the second fragment is unknown and it is smaller than the one 
which regularly occurs in L. willmottiae. Both fragments (fig. 5) may pass to the 
same pole at metaphase I, or they may go one to each pole (fig. 6) . Their behavior 
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in meiosis II has not been determined. In all the hybrids which contain a single 
fragment in the sporocytes the fragment behaves as described for L. willmotUae. 

The occurrence in L. willmoUiae of the fragment which is passed, apparently un- 
changed, to hybrid progeny — whether L. willmoUiae is used as the seed or the pol- 
len parent — may perhaps be unexpected and raises several questions which cannot 
at present be answered. For example, does the fragment possess an attachment 
constriction? Its regular passage to one pole of the spindle and its subsequent 
inclusion in one of the dyad nuclei suggest that it may, but its compactness at 
diakinesis and metaphase I makes it extremely difficult to determine. In numerous 
instances the fragment has appeared to be double at anaphase I, thus suggesting 
that it may divide at meiosis II. It is possible, however, that no spindle attach- 
ment is present and that the fragments may behave in the same manner as 
X-ray-induced fragments in the neuroblasts of Chortophaga viridifasciatay re- 
ported by Carlson (i). These fragments, lacking spindle attachments, show be- 
havior and distribution similar to the chromosomes, indicating that polar repul- 
sions effect the equatorial position at metaphase; that the separation of the 
chromatids is autonomous; that the orientation and migration toward the poles is 
due either to protoplasmic streaming or to an expanding “Stemmkorper”; and 
that the attachment constriction functions mainly in making the orientation and 
separation of the chromosomes uniform and equal. Whether the observations of 
Carlson are applicable to the Lilium species and hybrids reported here will have 
to await the outcome of more detailed studies now under way. 

The fragments have shown no evidence of being reduplications of sections of 
the normal chromosomes, such as Mather (3) reported for L, japonicum and 
L, henryij since in none of the sporocytes examined has there been any indication 
of pairing between the fragment and a major chromosome. 

University oe Chicago 
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TOXIC EFFECTS OF SODIUM PENTACHLORPHENATE AND 
OTHER CHEMICALS ON WATER HYACINTH 

A. A. HIRSCH 

In many streams of southern United States profuse growths of water hyacinth 
{Crassipes eichornia) impede navigation, retard drainage flows, favor mosquito 
breeding, and prevent fishing. Eradication has been confined to treatment with 
hazardous arsenicals or to mechanical processes, such as removal by raking or the 
recent maceration development. 

The experiments described here were the preliminaries in a search for a safe 
poison to control this growth in earth-lined drainage canals near an urban area. 
Of particular interest for trial were two recently introduced materials: sodium 
pentachlorphenate, an industrial algaecide and fungicide marketed as Santobrite 
by the Monsanto Chemical Company of St. Louis, Missouri, and Beneclor 3, a 
chlorinated hydrocarbon, manufactured by the Chloroben Corporation, Jersey 
City, New Jersey. Copper sulphate was also included for observation. A control 
set completed the system. 

Seventy-eight mature plants were collected from a nearby bayou and divided 
equally into four 14-gallon, painted, iron washtubs stored outdoors and almost 
filled with water. River silt was placed in the bottoms of the tubs. Santobrite 
and copper sulphate were added every 2 weeks from a stock solution to give 
increments varying from 5 to 20 p.p.m.; beneclor 3, a liquid, was pipetted directly 
in amounts equivalent to 5-10 gallons per acre. The toxins were thoroughly 
mixed with the water in the tubs. The amount of additional dosage was decided 
from the physical appearance of the plants. This incremental treatment was 
adopted in order to establish the approximate lethal limits employing the mini- 
mum number of experimental units. The experiment terminated in advance of 
cold weather to avoid killing by the first freeze. The results are summarized in 
table I. 

Transfer of plants from their natural habitat to the tubs caused some stunting; 
nevertheless all plants remained healthy, unless poisoned, and produced flowers at 
various times. Dwarfing was especially noted at low initial doses of santobrite, 
but specimens treated with low dosages of copper sulphate and beneclor 3 seemed 
to thrive even better than the controls. When concentrations of 45 p.p.m. copper 
sulphate and 45 gallons per acre of beneclor 3 were reached, these sets were 
abandoned because the toxicity was insufficient to warrant further observation. 
While some damage was inflicted by beneclor 3, the lethal dose on 2 weeks’ con- 
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tact was probably much higher. Even the initial dose of santobrite caused yellow- 
ing of stalks and withering of leaves; further applications damaged tissues more 
definitely and dwarfed new leaves. xAbout 35 p.p.m. seemed to arrest growth, but 
complete necrosis was obtainable only after reaching a concentration of 80 p.p.m. 
This strength is about 2.7 times the maximum recommended for control of algae 


TABLE 1 

Summary of results 


Dosage 

Control 

Copper 

SULPHATE 

Beneclor 3 

Santobrite 

Smallest necessary to affect appear- 
ance 


35 P-P*ni. 

Not reached 

45 P-P-ni. 
(abandoned) 

35 gal /acre 

Not reached 

45 gal /acre 
(abandoned) 

5 p.p.m. 

80 p.p.m, 

80 p.p.m. 

Necessary for complete kill 


Maximum reached . 


Final appearance of survivors 


Good condition; 
few brown 
spots 

(all 

Like control ex- 
cept more 
widespread 
browning 
original plants liv 

Two nearly 
dead; others 
extensively 
necrotic 

ing) 

All dead 


in industrial cooling systems and is too low to cause skin irritation, even on pro- 
longed contact. 

The physiological action of santobrite suggests two field procedures for com- 
bating the problem of the water hyacinth : (i) A light application, somewhat more 
than 5 p.p.m., for retarding growth in areas where complete removal is not essen- 
tial or in zones where other aquatic life is to be preserved. (2) Complete elimina- 
tion by a dosage approximating 80 p.p.m. This method is applicable especially 
to reach into shallow or inaccessible tributaries in connection with a maceration 
.unit. 

State Department of Education 
Baton Rouge, Louisiana 



EFFECT OF HEAT-DRYING UPON THE PERIDERM OF 
WASHED POTATOES^ 

RICHARD 0 . BELKENGREN AND EDWIN S. CIESLAK 

For some years it has been the practice of commercial potato growers to wash 
the tubers prior to shipment. This removes the adhering soil as well as permitting 
a more thorough rejection of those obviously defective or rotten. The usual pro- 
cedure has been to convey the potatoes through a pre-sizer, then to a washing 
tank or spray chamber, and finally to a picking table discharging into sacks or 
crates. Loading wet or damp potatoes has resulted in considerable rot in transit, 
and drying equipment has been installed at some packing houses. As a rule, the 
drying immediately follows the washing and precedes the picking. 

In the operation of one particular drying installation (i), it was noticed that the 
potatoes when shipped were extremely resistant to spoilage, both in transit and 
subsequent storage. When more than looo carloads of potatoes subjected to this 
treatment resulted in no spoilage claims whatever, it was concluded that the pro- 
tection afforded could not be accounted for solely on the basis of external moisture 
removal. The drying procedure subjects the potato to a moderately high velocity 
movement of hot air in the course of passage through the unit. That the effect 
was not due entirely to removal of inoculating organisms was established by ex- 
periments in which the tubers were artificially inoculated externally with various 
organisms which might cause spoilage. With other conditions remaining constant, 
the treated potatoes continued to show greater resistance to rot than did the con- 
trols, indicating the probability of a biological change within the tuber itself. 

The potato periderm consists of three parts: the phellem, several layers of 
heavily suberized cells very much flattened; the phellogen; and the phelloderm, 
several layers of cells lying next to the cortical parenchyma. The cell walls of these 
layers protect the inner portions. In freshly harvested potatoes, only a few layers 
of cells are present, but with time the number of cell layers increases. This in- 
crease is affected by a number of factors, chief of which are temperature and 
moisture. 

Two varieties, a white potato and a red one. Bliss Triumph, were used in the ex- 
periments. Samples were obtained from commercial driers and from laboratory- 
dried tubers prepared under similar conditions. Controls consisted of samples 
taken immediately before and immediately after treatment. Other samples were 
taken 3-6 days after treatment, in order to show the change. 

This work was done under the sponsorship of F. C. Peters, grower, Goulds, Florida. 

Botanical Gazette, vol. 103] 


[622 


BELKENGREN & CIESLAK— POTATOES 


1942] 


623 


Pieces of tissue 6 mm. square by 3 mm. deep were cut from the surface of the 
tubers. These were killed and fixed in Allen-Bouin fluid for 3—6 hours, washed 
in 50 per cent alcohol, dehydrated in 70, 95, and 100 per cent alcohol, cleared in 
xylene, slowly infiltrated with paraffin, and finally imbedded in a paraffin block. 
From each piece of tissue, thirty random iS-ji sections were taken from the middle 
one hundred, fixed on slides, freed of paraffin, hydrated to 50 per cent alcohol, 
stained in safranin, washed and destained if necessary, counterstained with Dela~ 
field’s haematoxylin, dehydrated in successive changes of alcohol, cleared in 
xylene, and mounted in balsam. Four random sections out of each thirty were 
measured. 

The averages of 1440 measurements and cell counts are given in table i. 
Fifteen potatoes were used in each group. These samples were given the indicated 
heat treatment in a laboratory drying oven. 

TABLE 1 


Results of heat-drying on potato periderm, measured 72 hours after treatment 




Phellem 

Phellogen-Pelloderm 

Total 

Total 

NO. OF CELLS 

Group 

Treatment 

Thickness 

(m) 

! 

No. OF 

CELLS 

Thickness 

(M) 

No. OF 1 
CELLS 

PERIDERM 

(m) 

A 

Control 

77.82 

563 

63 . 23 

3-93 

141.05 

9-56 

B 

63° C. for 

8 minutes 

82,99 

6.18 

73-72 

4.21 

156.71 

10.39 

C 

78.5® C. for 

4 minutes 

94.24 

6.23 

106 . 70 

4.77 

200 . 94 

II. 00 


Group B averaged 0.83 cell layers and group C 1.44 cell layers greater than the 
control (group A) . The 4-minute exposure to the higher temperature favored a 
greater increase in thickness in 72 hours than the longer exposure at the lower 
temperature. The cell walls in groups B and C were also thicker than those of 
the controls. This is attributed to increased suberization, probably promoted in- 
directly by the higher temperature, since storage of potatoes at low temperatures 
retards suberin formation. Control lots of potatoes dried without heating showed 
no increase in cells after 72 hours. Immediately following the drying period, the 
periderm showed a slight decrease in thickness, presumably due to drying. 

Recently harvested Bliss Triumph potatoes, treated on a commercial scale by 
the same heat-drying process, showed an increase in periderm cell layers from 8.7 
to 10.9. Results on samples obtained from another similar commercial unit and 
shipped to this laboratory showed 11.53 layers in the periderm of heat-dried 
potatoes against 10.47 for the controls, an increase of 1.06 layers. Thickening of 
the phellem cell walls was also noted. 
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The increase in periderm thickness is especially noted in about 72 hours and 
appears to be initiated by the drying treatment. The increase and the suberiza- 
tion are marked in young potato tubers having a relatively thin periderm at the 
start. Obviously the 'heat which the tuber absorbs in the drier subsequent to re- 
moval of its external moisture acts as a stimulant for the formation of periderm. 
Possibly the change is hormonal in character. Apparently the effect is due, at 
least in part, to this heat rather than to mere drying alone. In support of this, 
Thornton (2) reports that periderm formation normally does not take place so 
rapidly under dry conditions as in a moist environment. Additional work in 
progress in this laboratory is now aimed at a fuller understanding of the effect. 

Armour Research Foundation 
Chicago, Illinois 
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CHROMOSOME NUMBER OF ZANTHOXYLUM 
AMERICANUM' 


RUTH I. WALKER 
(with eight figures) 

The haploid chromosome number of 35 was reported for staminate plants of 
Zanthoxylum piperitum by Sinoto (2). He observed that the chromosomes of 
pollen mother cells at metaphase of the first meiotic division are similar in size, 
except for a few which are larger. One of these larger chromosomes appears to be 
a univalent and is always found at the periphery of the equatorial plate. He fre- 
quently saw, however, an unequal pair of chromosomes. Nakajima (r), working 
with staminate plants of the same species, also observed that the reduced number 
of chromosomes is 35. He found an unequal pair of chromosomes and a small 
univalent. 

Because of these reported differences, and since no account has appeared con- 
cerning the chromosomes of the American species Zanthoxylum americanum Mill., 
the study reported in the present paper was made. 

Staminate and pistillate buds were collected from plants of Z. americanum near 
Sauk City, Wisconsin, and in Milwaukee, Wisconsin. The material was fixed in 
Flemming’s medium and Carnoy’s acetic-alcohol-chloroform solutions. The fixed 
material was imbedded in paraffin, cut at 8-12 ju, and stained with Heidenhain’s 
iron-alum haematoxylin or crystal violet. 

A study of the pollen mother cells of plants from each locality at diakinesis 
and at the equatorial plate of the first meiotic division showed 34 pairs of chromo- 
somes (figs. I, 2). At metaphase these are ovoid and are similar in appearance, 
except for size. During the anaphases the movement of the chromosomes toward 
the poles is normal (fig. 3), although occasionally the chromosomes of a pair may 
lag or reach the poles earlier. At metaphase of the second meiotic division 34 
chromosomes are present on each spindle (fig. 4). Fewer preparations were ob- 
tained of the macrospore mother cell during meiosis, but in such figures as were 
found 34 pairs of chromosomes are present (fig. 5). 

Studies were also made of lateral views of microspore and macrospore mother 
cells during first metaphases and anaphases to determine the form and number 
of the chromosomes. Many preparations were examined, but owing to the size, 

^ This research was done with the assistance of W. H. Falvey of Work Projects Administration, Uni- 
versity Natural Science Project, Work Project no. 10324. 
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number, and crowding of the chromosomes, it was impossible to distinguish all 
pairs of chromosomes distinctly in one view. Of the chromosomes observed, how- 
ever, all are paired and the chromosomes of each pair are of the same size and 
form (figs. 6-8). At no time is there any indication of a univalent or of an unequal 



Figs. i-S.—Zanthoxylum americanum: Fig. i, pollen mother cells at diakinesis. Fig, 2, polar view 
of equatorial plate; first meiotic division. Fig. 3, anaphase. Fig, 4, polar views of equatorial plates; sec- 
ond meiotic division. Fig. 5, macrospore mother cell at diakinesis. Fig. 6, pollen mother cell, lateral view 
of equatorial plate; first meiotic division. Fig. 7, macrospore mother cell, lateral view of equatorial plate; 
first meiotic division. Fig. 8, anaphase. All approximately X 2800. 

pair of chromosomes in Zanthoxylum americanum, as was reported by Sinoto (2) 
and N AKA JIM A (i) for Z. piperitum. 

University of Wisconsin 
Milwaukee Center 
Milwaukee, Wisconsin 
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BRIEFER ARTICLE 


MACERATION METHOD TO DEMONSTRATE THE VASCULAR 
SYSTEM IN ZEA MAYS 

(with two figures) 

The maize axis has long been used as a monocotyledonous stem type, and generations 
of students have examined it in transverse section. When the question of the course of 
the bundles is raised, however, few can give even a general description, especially of the 
behavior at the node, since it is well nigh impossible to elucidate the construction by 
serial sections. A note by Evans^ caused the writer to work out the following method 
whereby abundant class material of completely separated vascular skeletons may be 
simply and permanently prepared (fig. i). The same method could probably be applied 
to other material; the writer has even used it successfully on sugar-cane stem which had 
been preserved in formalin-acetic-alcohol. 

The method relies on the fact that it is possible to remove the parenchyma and ground 
tissues by rotting and yet leave intact the vascular bundles and highly lignified parts. 
Mature maize plants, after careful removal from the soil, have the leaves and roots 
trimmed to within about J inch of the axis, care being taken to leave the epicotyl and 
the first few internodes. The stem is now washed completely free of soil and then split 
into two, preferably in the plane of the leaves. The splitting is best done by starting at 
the epicotyl with a scalpel, and when the wider parts of the axis are reached, changing 
to a stronger knife or even to a chisel and mallet if the specimen is large and well matured. 
Some of the upper part of the stem is now removed, since for class use a whole axis is 
unwieldy and there is no need to include more than one or two nodes above the region 
from which arise the highest roots. The specimen should be trimmed to its final size 
and shape at this stage, as it is much more difficult to do this on the finished skeleton. 
If, when the axis is shortened, the cut is made above the node, the nodal anastomosis will 
be clearly displayed in the final preparation (fig. 2). 

The prepared halves are now placed in any convenient receptacle which is not too 
deep, covered with tap water, and allowed to decompose. Rotting of the ground tissue 
is hastened if the water is kept warm (about 70° F.). The addition of ten to twenty 
crushed peas or maize grains also seems to hasten the process, probably by insuring 
rapid initial increase in the number of bacteria. Additional water is necessary from time 
to time to replace that lost by evaporation. The material must always be completely 
covered, since if any part remains above the liquid, dark stains— which are impossible 
to remove— result from the growth of molds just above the liquid surface. After a few 
weeks, the time depending largely on the temperature of the water, the parenchyma 

^ Evans, A. T., Vascularization of the node m Zea mays. Box. Gaz. 85: 97-103. 1928. 
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will have rotted and the center of the stem feel soft and gelatinous. A strong jet of water 
will now free the vascular bundles from the ground parenchyma. The washing is con- 
veniently done by using a jet from a piece of rubber tubing, which allows wide control of 
the volume and rate of flow of the water. After the center has been freed from debris and 
a strong jet forced through the nodal regions in all directions, a jet is put on the exterior, 
cleaning up the outside and usually removing the internodal epidermis in large sheets. 
The outer bundles do not fall apart, as they are all imbedded in the subperipheral scler- 
enchyma band. If the rotting is not complete, the stem is cleaned up as much as pos- 
sible and then returned to the tank for another week or so. 

The skeleton is best kept as a dry specimen. It should be placed in 90 per cent alcohol 
for a day or two and then allowed to dry at room temperature, a process which takes 
about 1 2 hours. The alcohol serves to remove the unpleasant smell which the specimen 
has when first taken out of the tank and also to enable the specimen to be dried without 
much shrinkage or collapse. 

When finished, the skeleton, which should be free from odor and almost white in 
color, is strong, durable, and well able to stand up to the handling received in class use. — 
B. C. Sharman, Botany Department ^ The University, Leeds 2, England. 
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Compuestas Bonaerenses: Revision de las Compuestas de la Provincia de Buenos Aires, la Capital 
Federal y la Isla Martin Garcia. By Angel L. Cabrera. Extracted from the Revista del 
Museo de La Plata (Nueva Serie) Tomo IV, Seccion Botanica. 1941. Pp. 450. Figs. 145. 
Pis. 10. 

A study is presented ‘‘of all the species of Compositae found in the Province of Buenos Aires, 
in the Federal District (City of Buenos Aires) and in the Island of Martin Garcia which lies in 
the Rio de La Plata. In the entire country of Argentina the Compositae, with about 200 genera 
and about 1200 species, constitute approximately one-sixth of the phanerogamic flora. In the 
restricted area studied, 102 genera, containing in all 299 species, are found to occur. Of these, 
“74 genera and 245 species are native. The rest are adventitious or adapted from cultivation.” 

The author presents full and carefully drawn descriptions, together with lists of specimens 
studied and often with critical observations. The numerous figures are mostly full-page, care- 
fully executed etchings, many of them by the author himself. These should prove of great value, 
especially in the case of the less well-known species. The ten plates are given over to twenty 
habit-photographs of selected species. Keys are given to the various tribes as well as to the com- 
ponent genera and species. The Astereae, Inuleae, and Heliantheae are seen to be the best repre- 
sented tribes, while the genera with the most species are Eupatorium (19), Baccharis (29), and 
Senecio (28). Several new species and varieties are described and there are a few new combina- 
tions. A bibliography of 118 citations (pp. 433-437) and a concise summary in English (pp. 438- 
439) are appended. The book as a whole represents a noteworthy contribution to the literature 
on Compositae, — E. E. Sherff. 

The Structure of Protoplasm. Edited by William Seifriz. Ames, Iowa: Iowa State College 
Press, 1942, Pp. vii"t-283. 

One of the most important summaries of protoplasmic structure in the English language, this 
monograph is the first to be published by the American Society of Plant Physiologists. It con- 
tains the papers presented before the organization at Philadelphia in December, 1940. The 
original symposium was arranged by Dr. Seifriz, and the volume is edited by him. Much of the 
excellence of arrangement and the integration of the symposium depended upon his keen analy- 
sis of the field and his choice of men to handle each subject. Following the introduction, written 
by Seifriz, these topics are discussed: Microscopic structure of the cell wall, by C. W. Hock; 
Proteins and protoplasmic structure, by L. W. Moyer; Molecular structure in protoplasm, by 
0 . L. Sronsler and Jean D. Bath; Some mechanical properties of sols and gels and their rela- 
tion to protoplasmic structure, by Herbert Freund lich; Structural differentiation of cyto- 
plasm, by G. W. Scarth; Structural differentiation of the nucleus, by C. L. Huskins; Proto- 
plasmic streaming in relation to gel structure in the cytoplasm, by D. A. Marsland; Relation of 
the viscosity changes of protoplasm to amoeboid locomotion and cell division, by W. H. Lewis; 
Physical aspects of protoplasmic streaming, by Nobur6 Kamiya; and Some physical properties 
of protoplasm and their bearing on structure, by William Seifriz. A short supplement contains 
a brief communication on protein and protoplasmic structure by K. H. Meyer, of Geneva, and a 
letter from W. T. Astbury, of Leeds, England. 
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■ ^ The paper by Freundlich was the last thing he wrote before his death. It will be prized by 
his admirers as will also be the fine portrait which appears as a memorial to him. 

The material is well illustrated, and the individual papers carr}’ literature lists which add 
much to the usefulness of the volume. The press work has been beautifully done under the 
watchful eyes of Dr. W. E. Loomis, of Iowa State College, who provides the foreword. 

Its up-to-date points of view, and the documentary evidences of structure presented, make 
this monograph an indispensable work for all students and investigators of protoplasmic phenom- 
ena. — C. A. Shull. 


Advances in Colloid Science. Edited by E. 0. Kramer and collaborators. New York; Inter- 
science Publishers, Inc., 1942. Pp. xii-f 434. $5.50. 

The editors have planned a series of volumes on the advances of colloid science, to appear 
whenever conditions warrant publication. This first volume of the series contains a dozen mono- 
graphic reviews with the following titles and authors: The measurement of the surface areas of 
finely divided porous solids by low temperature adsorption isotherms, by P. H. Emmett; The 
permeability method for determining specific surface of fibers and powders, by R. R. Sullivan 
and K. L. Hertel; A new method of adsorption analysis and some of its applications, by Arne 
Tiselius; Solubilization and other factors in detergent action, by J. W. McBain; Recent de- 
velopments in starch chemistry, by K. H. Meyer; Frictional and thermo-d3mamic properties of 
large molecules, by R. E. Powell and Henry Eyring; The constitution of inorganic gels, by 
H. B. Weiser and W. 0. Milligan; The creaming of rubber latex, by G. E. Van Gils and G. M. 
Kraay; Streaming birefringence and its relation to particle size and shape, by J. T. Edsall; 
Synthetic-resin ion exchangers, by R. T. Myers; The study of colloids with the electron-micro- 
scope, by T. P. Anderson; and Anomalies in surface tensions of solutions, by R. A. Hauser. 

Each monograph carries its own bibliography, in some cases short lists but in others over 100 
references. They are written in clear style and will prove exceedingly helpful to anyone interest- 
ed in these rapidly progressing fields of investigation and application of science to practical 
problems. The editors deserve congratulations for the initiation of this series of reviews, a num- 
ber of which come from European laboratories. Many of the reviews contain material of special 
significance to physiological investigations. — C. A. Shull. 

Desert Wild Flowers. By Edmund C. Jaeger. Stanford University Press, 1941. Pp. 3o-f322. 

Illustrated. $3.50. 

First published in 1940, this book has now been revised by the inclusion of an artificial but 
workable key to the 764 species of California desert plants which are illustrated by line drawings 
(a few by photographs). It should now have an even wider appeal to all nature lovers in this area, 
who may identify easily and rather positively most of the plants which they are likely to en- 
counter. No grasses are included. — ^C. E. Olmsted. 

Soils and Fertilizers. By Firman E. Bear. New York: John Wiley and Sons, Inc., 1942. Pp. 
xiii+374. 

The third edition of this book, formerly entitled Soil Management, which has just appeared, 
has been revised and improved in various ways. Although some of the headings have been 
changed slightly, the twenty-six chapters follow the same order and treat the same topics as in 
earlier editions. It is commended especially to beginners in the study of soils and fertilizers, for 
it is simply and concisely written and deals with the principles without confusing them with too 
much detail. It is a very good elementary text in its field. — C. A. Shull. 
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THE FOOT OF RIELLA AMERICANA AND ITS RELATION 
TO NUTRITION OF THE SPOROPHYTE 

R. A. STUDHALTER 
(with sixteen figures) 

Introduction 

Of the three parts of the sporophytic generation in the bryophytes, the foot and 
seta have received much less attention than the sporange. Once almost universally 
considered to function both as an anchoring and as a necessary absorbing organ, 
the foot has recently been re-examined, both as to structure and function, particu- 
larly in connection with the frequent partial nutritional independence of the sporo- 
phyte from the gametophyte. This paper presents an account of its developmen- 
tal stages, confirms evidence of sporophytic independence, and adds some anatom- 
ical considerations which suggest a possible reversal of the usually accepted para- 
sitic relations between the two generations. 

The fullest anatomical accounts of the foot in liverworts are found in papers by 
Leitgeb (19) and Meyer (22, 23, 24), with summaries by Goebel (13). For the 
moss foot, the most complete papers are those of Torch (20,21) and Blaikley 
(2). For the several species of the aquatic liverwort Riella, the foot has received 
scarcely more than a mention from Leitgeb (19), Porsild (26), and Cavers (9), 
and developmental stages have apparently not been studied. Howe and Under- 
wood (15), describing R. americam, do not mention the foot, and none of the il- 
lustrations shows details of its tissues. Up to the present there has been no de- 
scription of the mature foot and no account of the ontogeny of this organ for the 
species just mentioned. 

In nearly all liverworts and mosses the foot originates by division of cells at the 
base of a more or less elongated seta. Its shape at maturity varies, but it is gen- 

■ ^33 ' 
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erally a smoothly rounded or oval structure imbedded more or less deeply in the 
gametophytic tissues at the base of the calyptra. 

Deviations from such a smoothly rounded pattern have been known since 1874, 
when Kienitz-Gerloff (16) showed that the peripheral cells of the foot of Frul- 
lania protrude slightly into the gametophytic tissue. Leitgeb (19) found a similar 
papillate condition in Frullania, Aneura, Morkia, Riella helicophylla, and R. 
parisii; in R. helicophylla some of the cells are elongated and extend from middle 
to periphery of the foot. Much longer protruding processes were discovered (19) 
in the foot oi Anthoceros and Dendroceros. Still longer penetration filaments were 
reported by Goebel (ii) for the moss Diphyscium, and later (12) ioi Erio pus, 
where they originate on the seta instead of on the foot. Superficial foot cells vary 
in the different genera from smooth or slightly elevated to very long, branched 
filamentous structures. Many nouns and descriptive adjectives have been applied 
to these extensions, including papilla, papillate, papillose, haustorium, haustorial 
outgrowth, root hair, haustorial rhizoid, haustorial tube, rhizoid-like tubule, out- 
growth, tubular outgrowth, process, protrusion, appendage, and filament. As a 
substitute for most of these terms, the following are proposed in the hope that 
they will confer a greater relative value. Peripheral cells which have the super- 
ficial contour of the foot are called smooth. The term gibbous is applied to those 
which are rounded at the margin of the foot. For longer penetrating structures 
the terms subdigitate and digitate are proposed, and for structures long enough 
to resemble rhizo.ids or root hairs, the term filament. Throughout, the noun proc- 
ess or protrusion is suggested for the protruding cell or portion of a cell, when this 
is longer than that represented by the term gibbous. Common descriptive adjec- 
tives are also needed, as forked, branched, and irregularly branched. 

In addition to the papers already cited, gibbous cells or processes of various de- 
grees of extension have been described or illustrated in the foot by Porsild (26) 
for Riella paulsenii, Lang (18) for Notothylas, O’Keefe (25) for Targionia, Lorch 
(21) for mosses as Bryum, Blaikley (2) for a number of mosses md Anthoceros, 
and Vraber (28) iox Riella helicophylla. Often these were merely simple observa- 
tions, or even only diagrams without mention in the text. The most common in- 
terpretation, when any was given, has been that the processes serve as absorbing 
organs (13). Bartlett (i), however, considered that many of the protrusions at- 
tributed to the foot in Anthoceros belong in reality to the gametophyte. Bijgh (6) 
accepted the similarity, both in structure and function, of the processes in the 
foot of the Anthocerotales to the rhizoid of the gametophyte. Blaikley noted 
that, in general, those mosses in which the contact between the two generations 
is the closest are the most likely to have their peripheral foot cells extended into 
processes. Bower (5) observed that the processes of the foot increase its absorb- 
ing surface and extend its range of absorption. 
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Enlarged cells in the foot have been found by Campbell (7) in Geothallus. En- 
larged nuclei are described in the same genus (7), as well as in EriopuSj by Goebel 
(12), in Plagiochasma by Meyer (23), and in the mosses by Blaikley (2). /Abun- 
dant, or a dense, deeply staining protoplasm was seen in Geothallus by Campbell 
(7), in Eriopus by Goebel (12), in Corsinia and Plagiochasma by Meyer (22, 23), 
in Targionia by O’Keefe (25), and in mosses by Blaikley (2). Thickened or 
otherwise modified cell walls were reported by Gyorffy (14) for M olendoa, and by 
Torch (20) and Blaikley (2) for various mosses. Modifications in the gameto- 
phytic cells adjacent to the foot were noted in Corsinia by Meyer (22), in Tar- 
gionia by O’Keefe (25), in Anthoceros by Campbell (8), and in several mosses by 
Blaikley (2). 

That the sporophyte in both liverworts and mosses has a completely dependent 
nutritional existence, except in the Anthocerotales, is still rather commonly ac- 
cepted, as seen in quotations cited by Bold (3). Campbell (7), in fact, interpreted 
abundant cytoplasm and large nuclei as an indication that the foot cells were ac- 
tively engaged in the nutrition of the sporophyte of Geothallus, Goebel (12) con- 
sidered that the processes of the seta of Eriopus transferred food materials from 
both foot and vaginula into the seta and thence into the sporange. As early as 
1908, however, Douin (10) noted the presence of chloroplasts in all cells of the 
foot of Sphaerocarpus, the closest relative of Riella. Meyer (23) believed in the 
heterotrophic nutrition of the young sporophyte of Plagiochasma^ but in at least 
partial nutritional independence in later stages, since chloroplasts and glycose 
were found in foot and sporange. The same writer (24) found the foot cells and 
sporange wall cells of Corsinia to have a green color. In 1924, Campbell (8) kept 
an excised sporophyte of Anthoceros alive for 3 months and discussed its nutritional 
independence. Goebel (13) recognized the probable independence of the sporo- 
phyte of some of the bryophyte^. Bower (5^ stated that the sporophyte oiBux- 
haumia, which also possesses processes in the foot cells, becomes nutritionally in- 
dependent in its more mature stages. Studhalter (27) demonstrated complete 
nutritional independence during the latter half of the development of the sporo- 
phyte of Riella americana and Sphaerocarpus texana by growing excised sporanges 
to maturity in tap- water cultures; these not only reached their full term, but they 
ripened their spores, which in turn germinated normally and abundantly. Bold 
(3, 4) found chloroplasts and included starch in the foot, seta, and capsule of 
various liverworts and mosses; at least partial nutritional independence was indi- 
cated for the sporophyte. 

Material and methods 

The plants upon which this study is based were collected in the Davis Moun- 
tains of Texas or else grown in laboratory cultures. Fixing was done in formalin- 
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acetic-alcohol, and staining with safranin or Delafield’s haematoxylin or with 
various combinations. The usual paraffin method was used. Both stained and 
unstained whole mounts were studied for comparison. 

Observations 

Origin and early growth of the foot 
In the eight-celled stage, the sporophyte is divided by oblique walls in such a 
manner that a single cell points downward into the tissues of the subcalyptral pad. 
From this cell soon originates a row of four to eight short cylindrical cells which, 
by the upward growth of the gametophytic tissues, come to be deeply imbedded in 
the latter. The walls of these cells are uniformly thin, and the cross walls are per- 
pendicular to the axis; cell divisions have taken place in a single plane. 

The basal portion of this young seta broadens slightly, and further cell divisions 
in the basal region ensue in new planes, resulting in several oblique cross walls 
(fig. i). This stage, the first definitely to be recognizable as a foot, makes its ap- 
pearance when the sporange has a diameter of seven or eight cells, of which the 
outermost layer has been differentiated into a relatively thick sporange wall. The 
cells of the very young foot are isodiametric, angular toward the interior of the 
foot, rounded at its periphery, and of the same size as most of the cells of the sub- 
calyptral pad. Their cell walls are uniformly thin, not darkened, and stain much 
as do the walls of the cells of the calyptra and involucre. The nucleus is large and 
prominent and usually occupies a central position; it is oval or spherical, and has a 
diameter range of 8-13 /jt, with an average of about 7.5X10 /x. There is a single 
spherical nucleolus which measures about 5 m in diameter. It is surrounded by a 
clear zone extending out to the thin but prominent nuclear membrane. These 
sporophytic nuclei remain the same size throughout the development of the foot 
and are much larger than those of the calyptra and involucre, which average 5--7 /x 
in diameter. The cytoplasm is meager in amount and occupies a peripheral posi- 
tion. When the nucleus is centrally located, a thin layer of cytoplasm surrounds 
it and several thin cytoplasmic strands connect with the peripheral cytoplasm. In 
early stages, therefore, there is a large, clear central vacuole. 

The zone of contact between the foot and the calyptra is nearly always inti- 
mate, there being no evidence either of mucilage or of intercellular spaces. The 
latter are also lacking within the foot. 

The first oblique and irregular divisions are soon followed by more regular ones, 
involving vertical walls near the median line of the foot (fig, 2). As a result, the 
cells at this stage tend to lie at the same level in pairs, and a pair extends com- 
pletely through the center of the foot from one margin to the opposite one. The 
median cross walls are not all in the same plane. In a young foot five cells long and 
definitely only two cells wide, the sequence from top to bottom (in which wall rat 



Figs. i~6.— Fig. i, oblique longisection of young foot showing its differentiation from, lower end of 
seta. Fig. 2, longisection just off median line showing increase in mass of cytoplasm, beginning of plas- 
molysis, and binucleate cell. Fig. 3, longisection of foot with gibbous to subdigitate, binucleate, radially 
elongated cells; cytoplasm becoming coarsely granular. Fig. 4, cross-section through middle of foot with 
digitate, radially arranged giant cells, walls of variable thickness, and discontinuous overlapping wall 
near center. Fig. 5, longisection of foot with gibbous and digitate cells, one of latter (at left) bent 
at right angles and cut in cross-section. Fig. 6, longisection of foot shown in fig. 7, just off median line, 
showing thickened walls, discontinuous and overlapping at two points in upper portion. X 270. 
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the top of the foot is used as a basis for orientation in a circle) was as follows: 
wall 2, 30^ to the right of wall i ; wall 3, 60^ to the right of wall i ; wall 4, 30^ to the 
right of the f^st wall; and wall 5, again 60^ to the right of wall i. At any given 
level, four cells often appear to radiate from the center, 6 o^~go^ apart. Occasion- 
ally there appear to be six cells around the central point, instead of four. 

There is naturally a tendency for a cell to be narrow at the middle of the foot 
and to broaden tangentially toward the periphery. Many cells are broadly tri- 
angular in cross-section of the foot. The margin of the foot remains for a time 
essentially smooth, and the entire foot has the shape of a much elongated oval. 
Cells measure 20-2 5 X 25-40 jjl at this stage, while the entire foot measures 30-50 X 
40-80 /X. Plasmolysis is sometimes pronounced. 

Maturing root 

Profound changes in the structure of the foot usually occur about the time this 
organ is eight to ten cells long (fig. 3). Simultaneously, the seta has a length of 
ten to twelve cells, and the sporange, which has not yet differentiated spore 
mother cells and nurse cells, has a diameter of about ten cells. 

Growth in size of the foot proceeds steadily, until at maturity a length of nine 
to twelve cells or 200-250 /x or more is reached and a width of 1 50-200 ^u. In shape 
the foot is broadly ovate. Figure 7 shows the relations between sporange, seta, 
foot, calyptra, involucre, and subcalyptral pad in a sporophyte in which nurse 
cells and spore mother cells had become differentiated. 

Perhaps the most obvious changes in the maturing foot are those associated with 
the shape of the constituent cells. At first broadly triangular in outline, they grad- 
ually change into many different shapes. With increase in the diameter of the 
foot, the cells elongate radially (fig. 3). Remaining narrow at the center, they 
usually broaden materially toward the margin, especially as seen in cross-section 
(fig. 4). Since the cells are so compacted that intercellular spaces are virtually ab- 
sent, some of them grow in various directions and attain many grotesque shapes, 
in both cross- and longisection. Occasionally long, very slender cells are found ex- 
tending from center to margin (figs. 5, 14). At the base the cells abandon their 
truly radial direction of growth and extend downward in lines more nearly parallel 
with the axis of the foot (figs. 3, 5). Many cells, even at later stages, extend from 
the median line of the foot outward to its margin (figs. 9, 10, 12, 13). Cell diam- 
eters vary greatly, no matter in which direction a section has been cut. Often 
with increasing age cross walls are formed which divide the radially elongated cells 
into two or three shorter ones. The fundamental plan of cells extending radially is 
found in all parts of the foot. 

The arrangement of four cells radiating from the center about 90® apart is often 
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in evidence (fig. 4), even toward maturity of the foot. More frequently, however, 
the plan is actually or apparently obliterated, so that four to seven cells appear to 
radiate from near a common point. 


Fig. 7.— -Longisection through involucre and its ostiole, calyptra, archegonial neck, sporange, seta, 
and foot, the latter cut slightly to one side of median plane. X67. 

It is at the margin of the foot that the cells assume their most grotesque shapes. 
Many become bent, twisted, or deeply lobed or forked into equal or unequal parts, 
with the free tips varying from angular to very broadly rounded (figs. 9, 10, 12, 
13). Individual cells frequently become gibbous and remain so to their maturity 
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(fig. 5). Others extend farther out as subdigitate processes, which penetrate more 
or less deeply among the cells of the subcalyptral pad (fig. 3). Still others are 
elongated into truly digitate processes, which protrude deeply into the gameto- 
phyte (figs. 4, s, 6, 12, 14). The latter may be straight, twisted, or sharply bent, 
sometimes even at right angles; in a longisection of a foot it sometimes happens 
that some of them are cut lengthwise, while others, which had grown at right 
angles, are cut in perfect cross-section (fig. 5, left). A longisection or an oblique 
one through the margin of the foot often cuts through no other part of this organ 
than the digitate processes, each of which has the appearance of a circular, thick- 
walled cell (fig. 8). In cross-section such a process may be 42 ja in diameter. Digi- 
tate protrusions are more numerous in the lower half or two-thirds of the foot. 
All types of processes classified in the introduction as having been described in 
certain other liverworts and mosses have been found in Riella americana^ with the 
exception of filaments. 

The actual three-dimensional shape of the foot cells ranges from the one ex- 
treme of rather simple boxlike structures to the other of irregularity which defies 
description. In general, however, the longest dimension lies radially in the foot, 
and the cells are broader in cross- than in longisection of this organ. 

There is also great variation in the size of the cells. Some of the smaller ones are 
little larger than those of the surrounding gametophyte (fig. 9). A large propor- 
tion of them are giants, however, not only in length but often in breadth as well 
(figs. 4, 9, 10, II, 12, 13). Since they often extend half way through the foot, it is 
not surprising to find them measuring 100 ju in length; a few reach at least no /jt. 
Some of the wider unbranched ones measure up to 70 fx in width. A long narrow 
cell was found to measure 20X100 ju, as seen in one section. Lobed and forked 
cells may be as wide as 70 ju. 

It is difficult to estimate the total number of cells in the mature foot. At matu- 
rity this organ is ten to twelve cells long. Assuming that the majority of cells ex- 
tend from middle to periphery, there should be forty to sixty cells in all. But since 
some of them are further divided radially, the total number is probably much 
greater. 

With such variation in cell shape, it is not surprising that the margin of the foot 
is usually very irregular. Although the general shape is oval, the actual zone of 
contact between foot and gametophyte is usually a very irregular line. This 
boundary is generally a definite one (figs. 4, 7); at other times it is not clearly de- 
fined, since those cells of the latter which are adjacent to the sporophyte (one to 
three rows) occasionally become somewhat modified (fig. 14). The contact be- 
tween foot and gametophyte, however, is almost without exception intimate 
throughout its development, lacking both mucilage and intercellular spaces. 

The first change to take place in the cell wall is one of thickening and darkening. 


Figs. 8-12.— Fig, 8, longisection of extreme edge of foot shown in fig* 7 ? consisting of cross-section 
through several digitate processes, one showing nucleus. Fig. 9, oblique longisection through side of foot 
showing forked cell, giant cell with four nuclei (nucleoli of two of them present in adjacent section), and 
long irregular cell just above the latter. Fig. 10, cross-section through middle of foot with digitate, iorked, 
and irregular giant cells, cleaved cytoplasm in lower forked cell, and much variation in wall tMckness. 
Fig. II, oblique section through upper part of foot of small sporophyte approaching maturity, wit 
variable wall thicknesses. Fig. 12, cross-section below middle of foot with giant branched ce at im ^ e 
right which shows two parallel partial walls, at free end of one of which lie two nuclei at di erent optica 
levels (only one shows in photograph). X270. 




Figs. 13-16.— Fig. 13, cross-section farther below middle of same foot as in fig. 12, showing granular 
degeneration of nuclei and cytoplasm, and partial wall in cell at left. Fig. 14, longisection, almost median, 
of mature foot showing granular degeneration of protoplasm of foot cells and some thick-walled granular 
cells in adjacent gametophyte. Fig. 15, cross-section just below middle of foot of dwarf mature sporo- 
phyte showing thick walls and degenerated protoplasm. Fig. 16, longisection of very old foot in last 
stages of granular degeneration, with varied walls. X270. 
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The former change, which at first proceeds at a uniform rate over the entire cell, 
soon becomes irregular and results in much variation in thickness in different parts 
of the foot (figs. 4, 10, 13), in a single cell (figs. 10, lower; 13, left), or even in a 
single short wall (fig. 13, lower middle). Extreme cases of variation in different 
parts of the foot are shown in figures ii and 15. Although one of these is a cross- 
section and the other oblique, it is probable that all the thickest walls shown have 
been cut obliquely; they measure 4-5 11 in width, which may be interpreted as 
3"4 /X in actuality. Cell walls appear commonly thicker at the periphery than in 
the interior of the foot; this is due only in part to a larger percentage of oblique 
cuts through the rounded marginal portions of the cells. A great deal of variation 
is also found in a single wall, which may taper rapidly from very thick to quite 
thin within a short length. 

The color of the wall varies from nearly colorless in the younger foot, progres- 
sively through deeper shades, to a very dark black. It is never yellow, which is 
the color assumed by the mature seta. Staining does not appear to have an ap- 
preciable effect on the shade of color exhibited in the darker walls. 

In the young foot all walls are typically continuous, although some of them may 
be folded, as in the crotch of a lobed or forked cell. Frequently in older cells the 
wall is interrupted; it may have the appearance of having been broken, with one 
or both ends displaced laterally (figs. S, 16). At other times the ends have become 
altered so that they do not appear any longer to fit together. The probable cause 
of such interruption is often a simple breaking at a weak point in the wall; often, 
however, a portion of the wall seems to have been absorbed. At other times the 
walls are both discontinuous and overlapping, with each end frequently tapering 
to a long point (figs. 4, 6). Partial walls are also found (figs. 12, right; 13, left). 
These extend at various angles toward the interior of a cell, sometimes only for a 
short distance, at others nearly to the opposite wall. Such a partial wall may be 
uniform in thickness, with a blunt or rounded end, or it may taper to a point. In 
rare instances a partial wall extends more deeply into the cell at one optical level 
than at another, as shown by its passing directly over the top of a nucleus (fig. 12, 
right). There is usually no discernible definite point on the opposite wall at which 
the partial wall had once connected with the former. It seems most likely that the 
partial wall is the result of partial absorption by the protoplasm. Perhaps some of 
the other wall irregularities are due to the same factor. Such absorption, of course, 
results in the coalescence of adjacent cells; but it should be emphasized that partial 
walls are not very common, that most walls are continuous, and that nearly all 
the giant cells have attained their size by enlargement. 

Long before the foot is mature or the cells have reached their maximum size, a 
limited free nuclear division takes place. Two nuclei per cell (figs. 10, 13) are com- 
mon, often so common that half the cells of a single section are binucleate. Three 
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nuclei are less common and four even less so. At times a single cell will show 
three or four nuclei in the same section (fig. 9). There is no definite proof of more 
than four nuclei in one cell. Binucleate cells are first found in a relatively young 
foot (fig. 2) . The formation of binucleate cells by the dissolution of a cross wall and 
the fusion of the respective protoplasts is possible, but this occurs only at infre- 
quent intervals. Likewise, the fusion of two binucleate cells would theoretically 
give rise to a cell with four nuclei. Since three or four nuclei are found in giant cells 
which lack partial walls, apparently free nuclear division is the more common 
cause of the multinucleate condition. Nuclei are the same size in uninucleate and 
multinucleate cells. The position of a nucleus is usually central; in a digitate 
process it is always located some distance back from the tip. 

Just as nuclear division began in the relatively young foot, so also are several 
changes in the cytoplasm first seen at a very early stage in the development of this 
anchoring organ. The first noticeable change is a great increase in the mass of the 
cytoplasm (figs. 2, 3, 4), which soon occupies virtually the entire space within the 
cell wall. The large central vacuole becomes obliterated, to be replaced by numer- 
ous small irregular clear spaces in all parts of the cytoplasm. Shortly afterward 
these also disappear. With increasing age, the cytoplasm becomes progressively 
coarser in structure, the granules increasing materially in size (figs. 3 jf.). A single 
cell is not necessarily uniform in the type or degree of granulation (fig. 9, lower 
right). The color of the cytoplasm varies from its original colorless condition 
through darker shades to a deep black. Frequently different portions of the cyto- 
plasm of a single cell vary appreciably in color and density; extremes of light gray 
and jet black may appear side by side in a single cell. Very dark cytoplasm is 
especially prominent in highly plasmolyzed cells. 

Plasmolysis of the cytoplasm is common and begins early (fig. 2) . In an older 
foot the cytoplasm may be drawn completely away from the wall, so that it occu- 
pies a central position. The shrinkage is not due to fixing or staining agents but to 
factors within the plant itself. The shrunken masses are often irregular in shape 
and at times angular. 

Occasionally the cytoplasm is cleaved into two or several parts (fig. 10) without 
the formation of a cross wall. The parts may differ in color and granulation; they 
may be widely separated in the cell, lie in close proximity, or be superimposed. 

Comparison op root cells with gametophytic tissues 

In nearly every respect, the cells of the foot differ from those of the calyptra, in- 
volucre, and subcalyptral pad. These differences revolve around the shape, size, 
and arrangement of the cells; the thickness, color, composition, and continuity of 
the walls; the size, prominence, and number of nuclei; the granulation, color, 
cleavage, and plasmolysis of the cytoplasm; and finally the absence of vacuoles. 
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However, the cells of the gametophyte in the one to three rows adjacent to the 
foot may become somewhat modified (figs. 13, 14). This is particularly noticeable 
in the slight thickening and darkening of their walls and in the slightly increased 
granulation of their cytoplasm. They neither increase in size nor become multi- 
nucleate, nor are the other changes described for the cells of the foot visible in 
them. Nevertheless, such modifications as are present sometimes make it difficult 
to be certain of the exact boundary line between foot and gametophyte. Again, 
nearly all the morphological aspects discussed for the foot of Riella americana ap- 
pear to be absent from the foot of almost every other genus of liverwort or moss; 
apparently they are absent also from the foot of other species of Riella.^ 

Degeneration of foot 

The time at which degeneration begins in the foot is difficult to determine. 
Some phases, at least, appear long before the foot reaches its mature size. This is 
true of the coarse granulation of the cytoplasm, of severe plasmolysis, and of the 
partial breakdown of certain walls. Most of the cells affected, however, continue 
to increase in size and reach their maturity before final decomposition sets in. 
Occasionally growth of the entire foot as well as of the sporange is retarded, pre- 
sumably by an earlier or a more severe onset of degeneration, so that the mature 
foot is a dwarf with cells which are smaller than usual (figs. 11,15), Once the foot 
has reached its mature size, no further changes take place in its general outline 
(fig. 16). The alterations accompanying degeneration are mostly protoplasmic. 

Discontinuous, overlapping, and partial walls, already discussed, are a part of 
cell degeneration. Much of this breakdown has taken place before the foot has 
reached its maximum size. Nearly all the walls remain intact and rigid, and the 
cells retain their shape to the end. 

There is little or no change in the size of the nucleus. The first noticeable modi- 
fication in this structure is a cloudiness and granulation of the perinucleolar zone 
(cf. figs. 4 and 13). The nucleolus, which in its prime stains brilliantly, becomes 
muddy black in color. In later stages it and the surrounding granules disappear, 
leaving an apparently empty nuclear membrane; or the membrane and granules 
may disappear first, leaving a discolored nucleolus. Finally all traces of the 
nucleus vanish (fig. 16), often before the cytoplasm has completely degenerated. 

Granulation of the cytoplasm continues uninterruptedly, sometimes accom- 
panied by cytoplasmic cleavage. There may be a massing of the granules, which 
occurs in any part of the cell, frequently against the cell wall. The masses of 
granules gradually become smaller and less dense and ultimately disappear com- 
pletely, leaving a lumen empty of all solid materials (fig. 16). True vacuoles may 

^ Uninucleate subdigitate, digitate, and branched cells are illustrated in the foot oi Riella affinis by 
Thompson (Amer. Jour. Bot. 29: 278. 1942). 
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be said to have disappeared with severe plasmolysis and clumping of the cyto- 
plasm. Such open spaces as appear in the degenerating cytoplasm can hardly be 
called vacuoles. To the very end, the contact between foot and gametophyte is 
a very intimate one, with little or no evidence of intercellular spaces and none 
whatever of mucilage (fig. 16). 

The final result of these degeneration phases is a foot composed of empty cell 
walls which, however, remain rigid (fig. 16). Degeneration is virtually complete 
by the time the sporange is mature and sometimes before the spores are ripe. At 
this time the seta may be eighteen to twenty-three cells long and a yellowish 
brown color. 

With ripening of the sporange, it breaks off at the upper end of the seta, leaving 
this organ and the foot imbedded in the subcalyptral pad. Sometimes the seta, 
which has been yellow and apparently nonfunctional since early stages, breaks 
off later at its lower end. Calyptra and involucre break off at their bases. Ulti- 
mately, if the gametophytic plant continues growing (which is usually the case), 
seta, foot, and subcalyptral pad are shed, followed by a smoothing over of the axis 
of the plant at this point. 

Discussion 

The anomalous structures described in this paper for the foot of Riella americana 
have been found, with only minor variations of degree, to be present in every foot 
examined. They may be interpreted along two major lines, in both of which the 
outstanding consideration is the established nutritional independence of the 
sporophyte of this species during the latter half of its development. 

Function ot foot. —Present ideas of the function of the foot have been much 
modified from the older theory of anchorage in the gametophyte and absorption 
of water and elaborated food materials from that generation. Since R. americana 
is an aquatic plant, it constitutes an ideal object for the study of the nutrition of 
the sporophyte. In simple tap-water culture, lacking added minerals or nutrients, 
it has been found (27) that the immature as well as the mature excised sporange 
can absorb all the necessary water and mineral substances directly from the sur- 
rounding medium through its wall cells. It is only a step further to the absorption 
of these materials through an added thin calyptra, which is in direct contact with 
the water of the habitat. And since the sporophyte is well able to manufacture all 
its needed food materials, as shown in simple water culture, it seems clear that the 
foot, at least during the latter half of its development, does not function as an 
absorbing organ * or that if some absorption does take place from the gametophyte, 
this is purely incidental. Very little starch is present in the foot. The seta, how- 
ever, gives a positive starch test before its maturity. The sporange is well supplied 
with chloroplasts and starch. It is probable that the developing sporange absorbs 
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starch from the calyptra, with which it is in intimate contact; but this also is 
incidental, as* shown by the water cultures. 

The facts that degeneration phenomena in the cells of the foot have their 
beginning rather early in its ontogeny, and that they are often complete before 
maturity of the sporophyte, lend corroborative evidence. In this species, at least, 
the digitate processes cannot be considered as necessarily increasing the absorbing 
surface, or as extending the zone from which absorption can take place, unless 
they represent vestigial structures from a former age during which the sporophyte 
was less independent from a nutritional point of view. Some other explanation 
would seem at least as likely. 

With the elimination of the absorptive function, only the .function of anchorage 
remains. This function it certainly performs efficiently, since the sporange is held 
firmly in place, even when the plant is growing on a rock in swiftly running water, 
which it occasionally does. Anchorage, however, is aided indirectly by both 
calyptra and involucre. Again, the deeply penetrating digital processes aid in 
anchoring, even though this also can scarcely be considered their major sig- 
nificance. In any event, it seems that the foot of this aquatic species now has 
only one major function, that of anchorage. 

Possible reversal of parasitic relations. — Nutritional independence on 
the part of a sporophyte can be attained without the anomalous modifications of 
the foot described in this paper. In the genera studied by Bold (3, 4) the foot is ap- 
parently usually simple and unmodified, as in most of the liverworts and mosses. 
It seems at least possible that the significance of these modifications may lie in a 
reversal of the more usually accepted parasitic relations between the two genera- 
tions. 

There is much literature dealing with the pathological anatomy of the cells of an 
infected host, both plant and animal. No effort is made here to review these 
papers, since the general plan is well described for host plants by Kuster (17). 
Affected host cells commonly undergo such modifications as enlargement to giant 
size; becoming multinucleate; increase in size of the nuclei; increase in mass and 
granulation of the cytoplasm; cleavage of the cytoplasm without formation of 
cross walls; thickening, resorption, and other modifications ‘of the cell wall; and 
granular or other degeneration of nucleus and cytoplasm. Such conditions are 
summarized by Kuster for wound tissue, for tissues with gummosis, and for galls 
induced by such varied organisms as bacteria, fungi, hemiptera, mites, and nema- 
todes. The actual presence of the parasite is not needed to induce such changes. 
Watkins and Watkins (29), for example, show that cotton roots merely placed 
in contact with the mycelium of the cotton-root rot organism, or treated with 
extracts of infected host tissues, give similar results. It should be stressed again 
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that such anatomical modifications occur in the tissues of the host plant and not 
in those of the parasite. 

The anatomical changes described in this paper for the cells of the foot of R. 
americana include phenomena very similar to those of plant host cells infected or 
infested with a parasite: giant, multinucleate cells; enlargement, dissolution, and 
other modifications of the cell walls; increase in the mass of cytoplasm; and granu- 
lar decomposition of the cytoplasm and nucleus. The formation of digitate 
processes can well be considered a part of the formation of giant cells. 

But these modified cells are in the foot, which, according to the older accepted 
idea, is a part of the parasitic generation. From Kuster’s summary of the relation 
of host and parasite, they should be in the host generation, namely, in the gameto- 
phyte, according to the older theory. It would appear, then, that the foot in this 
case represents the host and not the parasite. This evidence is tentatively inter- 
preted as indicating a reversal of the usual parasitic relationship between the 
generations. 

It is probable, nevertheless, that the young sporophyte is for a short time 
partially dependent upon the gametophyte for a portion of its elaborated food 
supply. This is borne out by the failure of cultured spdfanges to make much 
growth when excised during an early stage in their ontogeny (27). As the sporo- 
phyte grows older, however, it soon becomes completely independent, nutritional- 
ly, from the gametophyte. And the anatomical evidence here presented would 
seem to indicate that still later the parasitic relationship may possibly become 
reversed, that possibly the gametophyte exerts somewhat of a parasitic action on 
the sporophyte. The problem is complicated by the fact that one or two rows of 
cells in the subcalyptral pad lying adjacent to the foot also show a few slight 
modifications, especially a small amount of thickening and darkening of the cell 
walls. This phenomenon may at times be associated with the intimate contact be- 
tween sporophyte and gametophyte and the occasional difficulty in deciding 
whether a given cell near the boundary line belongs to the one or the other. Often, 
however, cells definitely belonging to the gametophyte show a slight modification. 
But, in general, all the foot cells are modified as though they were affected host 
cells, while the cells of the surrounding gametophyte remain unmodified, or 
essentially so. 

The hypothesis of reversed parasitism is proposed only tentatively and is based 
thus far only on anatomical evidence. 

Summary 

I. The foot of the aquatic liverwort, Riella americana, arises from a broadening 
of the base of the young seta in a manner comparable with the early ontogeny of 
the foot of other liverworts. 
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2. A series of profound anatomical modifications begins when the foot is eight 
to ten cells long and proceeds uninterruptedly to its maturity and final degenera- 
tion. Most of the cells of the foot become enlarged into giant cells, which at its 
margin become gibbous and later commonly send digitate processes into the 
tissues of the surrounding gametophyte. The cell walls become thick and dark, 
the interior ones being sometimes partly resorbed so as to leave partial or over- 
lapping walls. The nuclei are uniformly large; there are usually two and some- 
times three or four in each cell. The cytoplasm becomes plasmolyzed and coarsely 
granular. Both cytoplasm and nucleus exhibit granular degeneration at or before 
the time of ripening of the spores. 

3. The zone of contact between foot and gametophytic tissues is a very intimate 
one. 

4. Since nutritional independence had been previously demonstrated for this 
species, the foot is considered as having, at least at maturity, the single major 
function of anchorage and none of absorption from the gametophyte. 

5. Anatomical evidence, such as the formation of multinucleate giant cells and 
granular degeneration of the protoplasm, suggests the possibility of a reversal of 
the usually accepted nutritional relation between the two generations; the game- 
tophyte of this species may prove to be parasitic upon the sporophyte, except in its 
early ontogeny. 

Texas Technological College 
Lubbock, Texas 
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MACRO-ELEMENT NUTRITION OF THE TOMATO PLANT AS 
CORRELATED WITH FRUITFULNESS AND OCCURRENCE 
OF BLOSSOM-END ROT 

C. B. LYON,"^ K. c. BEESON,^ AND M. BARRENTINE" 

(with eleven figures) 

Introduction 

In the summer of 1941 an extensive experiment in plant nutrition was designed 
in order to examine the effects of varying concentrations of macro-nutrient ele- 
ments in the nutrient medium on the ascorbic-acid content of tomato fruits. These 
results are reported elsewhere (8) . Since blossom-end rot was particularly preva- 
lent in certain treatments, it was of interest to collect and compile data on this 
disease. These data are reported in this paper. 

Blossom-end rot of tomatoes was first reported by Galloway (7) , and the symp- 
toms were described in some detail. Since then this disease has been recognized as 
occurring generally throughout the United States, Canada, Australia, New Zea- 
land, and various parts of Europe. Some early investigators (12, 15, 17) attrib- 
uted the pathic condition to the presence of one or more species of Macrosporium 
and Fusarium organisms, while Smith (18) and others reported bacteria as the 
pathogen. Later Fulton (6) and Brooks (2) verified the contention of Selby (16) 
that no organisms were involved in the initial stages of the disease. More recently 
the occurrence of the rot has been correlated with such factors as soil moisture and 
water supply of the plant (3, 5, 9, 20, 21, 23), specific ion effects (9, 13, 25), and the 
osmotic concentration of the nutrient solution (9, 14). Modifying effects of nitro- 
gen supply, carbohydrate content, length of day, light intensity, transpiration 
rates, bordeaux sprays, and varietal differences have also been reported. From the 
mass of more or less contradictory evidence which has accumulated, the viewpoint 
most widely accepted is that blossom-end rot is caused by a water deficit in the 
plant which results in a withdrawal of water from the fruit, with subsequent col- 
lapse of certain cells. As a result of this initial collapse, fungi or bacteria may be 
present in later stages of the disease. 

Material and methods 

The strain of Bonny Best variety of tomatoes used had been inbred for seven 
generations, 4 Seed was planted in the greenhouse May 12, 1941, in 2-quart glazed 

" Associate Plant Physiologist, Chemist, and 3 Agent; U.S. Plant, Soil, and Nutrition Laboratory, 
Bureau of Plant Industry, U.S. Department of Agriculture. 

4 Seed supplied through the courtesy of Dr. LeRoy Powers, U.S. Horticultural Station, Cheyenne, 
Wyoming, 
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Fig. I .—Upper triangle represents relative proportions of macro-nutrient elements in milliequivalents 
per liter for 55 possible treatments. Left, below: 44 combinations of varying anion concentrations. 
Right, below: 43 combinations of varying cation concentrations. Combinations indicated by treatment 
numbers. 
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crocks containing pure quartz sand. Two seeds were planted in each crock, and a 
complete nutrient solution (treatment 25, fig. i) was used during germination and 
seedling stage. On June 9, when the plants were 28 days old and approximately 
3 inches tall, uniform seedlings were transplanted into 2-gallon glazed crocks con- 
taining pure quartz sand, one seedling per crock. They were watered in with dis- 
tilled water and immediately supplied with their respective nutrient treatments. 
On July I all plants were placed outdoors, the crocks being supported on wooden 
blocks. The plants were trained upright, both crocks and plants being supported 
by the stakes. All axillary growth was pruned off twice weekly. The plants were 
harvested September 10. 

The design of the experiment was that of a randomized block (4), with eighty- 
seven treatments and four replications. Each replication consisted of a three-plant 
row, and the replications were randomized by the use of Tippett’s randomization 
tables (22). Thus the mean of twelve plants is used as an estimation of the results 
produced by a given treatment. The data were reduced by means of the analysis 
of variance, and the t test (19) was used for determining whether particular dif- 
ferences were significant. Odds as great as or greater than 19:1 were accepted as 
statistically significant that the observed deviations were not due to the errors of 
random sampling. Subsequent to the time the seedlings were transplanted, the 
same randomization and design was maintained, both in the greenhouse and in the 
field. 

The method of preparing nutrient solutions has been previously described (8). 
Each group of twelve plants was supplied subsequent to the seedling stage with 
one of eighty-seven different nutrient solutions which varied in the relative pro- 
portions of macro-nutrient elements. Thus a total population of 1044 plants was 
used. All solutions contained equal amounts of the micro elements in the follow- 
ing concentrations : 


B as HBO3 0.5 p.p.m. 

Mn as MnCL 0.5 

Zn as ZnS04 0,05 

Cu as CUSO4 0.02 

Fe as ferric citrate 5.0 


The relative proportions of potassium, calcium, and magnesium were varied in 
forty-four of these solutions, each of which contained 12.0 milli-equivalents per 
liter of nitrate, 4.5 m.e./l. of phosphate, and p.om.e./I. of sulphate. In the remain- 
ing forty-three solutions the relative proportions of nitrate, phosphate, and sul- 
phate were varied, while each contained 12.0 m.e./l. of calcium, 4,5 m.e./l. of 
potassium, and 9.0 m.e./l. of magnesium (%. i). For convenience, the nutrient 
solutions are represented in cation and anion triangles, and treatment numbers are 
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assigned to those solutions which were used. For purposes of discussion the treat- 
ments devoid in one or more ions will be designated as deficient. 

The mean daily temperature for the duration of the experiment was 67.7° F., 
with a mean maximum of 80.9° and a mean minimum of 55.3^. The mean maxi- 
mum temperatures in June, July, and August were 79.8^, 84.6°, and 79.3° F., re- 
spectively. The mean relative humidity from May 12 to September 10 was 45.2 
per cent at 1 : 30 p.m. The average daily total of solar radiation for this period was 
520.7 gram calories per square centimeter of horizontal surface. 

Experimentation and results 

On July 25 the plants were 74 days old and had received their respective nutri- 
ent treatments for 46 days. At this time the fruits on each plant were counted and 
the number recorded. The fruits showing blossom-end rot were immediately har- 
vested and the percentage of total fruit per plant computed. Subsequent to this 
time the entire population was examined daily and any diseased fruits discarded. 
Fruit started to ripen in late July and early August, and each fruit was picked on 
the morning of the day that complete color change occurred. When picked, a 
fruit was immediately weighed. Comparable portions of the first two fruits to 
mature on each plant were dried at 60° C. for 4 days and selected chemical analyses 
made. Records were kept of the weight of each fruit as it was picked in order to 
compile data on total fruit production and mean fruit size. On September 10, 
when the plants were 12 1 days old and had received their respective nutrient treat- 
ments for 93 days, all fruits were picked, counted, and weighed. 

Since the experiment had been specifically designed so that data obtained for 
any character could be analyzed for the presence or absence of statistically signifi- 
cant differences, analyses of variance were computed for each individual character. 
The results are given in table i. In characters A and B, one replication in one 
treatment was discarded as a result of mechanical injury, and Yates formula (24) 
was used for the estimation of the missing plot in order to maintain orthogonality. 

It is evident (table i) that statistically significant differences between treat- 
ments are inherent in the data. It is also evident that differences in environment 
when measured by replication produced significant differences in such characters 
as number of fruits set on July 25, mean number of fruits ripened per plant, and 
number and percentage of diseased fruit per plant. Since replication and randomi- 
zation were essential to the design of the experiment, and since replication differ- 
ences were measurable and not included in inter-treatment comparisons, valid dif- 
ferences exist which can be directly ascribed to treatments. 

The data for the mean number of fruits set per plant on July 25, together with 
those for the occurrence of the rot at that time, are presented in figures 2 and 3. 
The greatest number of fruits set per plant in the anion triangle occurred in treat- 
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ments which contained i4.2"-i7.o milliequivalents of nitrate per liter of nutrient 
medium. When lower concentrations of nitrate were used fruit set was correspond- 
ingly less, and when nitrate was omitted from the medium fruit set was negligible. 
When no phosphate was supplied to the plant subsequent to the seedling stage 
small numbers of fruits were obtained. In this experiment, however, 2.8 milli- 
equivalents of phosphate was sufficient to result in a maximum expression of this 
character under conditions of comparatively high nitrate and low sulphate supply. 

TABLE 1 


Results of analyses of variance on characters 

FOR WHICH DATA ARE REPORTED 



F VALUE 

Character 

Between 

TREATMENTvS* 

Between 

REPLICATIONSf 

A. Fruitfulness; 

I, Number set 

29.21 

24.00 

2. Total number produced per plant 

60.03 

I . 2 I 

8. Total fresh weight 

loi . =;i 

1 . 70 

4. Mean number ripened per plant 

31-85 

5 • so 

5. Average fresh weight of all fruits (regardless 
of state of maturity) 

44.62 

I.5I 

6. Average fresh weight of mature fruits 

33-45 

0.85 

7, Number of days from planting to date of first 
fruit ripe 

II .91 

0.79 

B, Occurrence of blossom-end rot; 

I. Number of diseased fruits per plant 7/ 25/41 . . 

24.94 

1 8.61 

2. Percentage diseased per plant 7/25/41 

14,01 

8.77 

C. Chemical analyses on first mature fruits:§ 

I. Calcium 

7.90 (i .63) 

0.88 (2.72) 

2. Potassium 

37.44 (2,40) 

2.36 (3.10) 

3. Magnesium 

9.34(2.08) 

0.79 (2.91) 


F value of 1.31 required for P value of c.03: when F = 1.40, P = o.oi. 
t F value of 2.64 required for P value of 0.05: when F* = 3.86, P = o.oi. 
t Subsequent: to this time all fruits contracting the rot were harvested immediately. 

§ For the chemical analysis^ the F value required for P value of 0.05 is indicated in parentheses. 


Of the plants grown in anion deficiencies, some sulphate-deficient treatments re- 
sulted in fruitful plants at this time. In treatment 22 fruitfulness is not significant- 
ly less than maximum, and concentrations of sulphate ranging from 2.8 to 11.3 
m.e./L were sufficient to result in maximum values in regard to this character. 

In the anion triangle the rot, if it occurred at all, was not severe, and in most 
treatments there was no evidence of the disease. It is apparent that approximate- 
ly 10 per cent of the fruits were diseased, in some of the treatments where maxi- 
mum fruit set was observed. There was no trend which could be correlated with 
any anion effect. 

The number of fruits set per plant at this time in treatments of the cation tri- 
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Fig. 2.* — Mean number of fruits set per plant on July 25 for anion (left) and cation (right) treatments. 

* Treatment means, together with standard error. In any inter-treatment comparison, six degrees of freedom are available. When t = 245, 
P = 0.05. In this and aU succeeding figures, results are given in triangular positions corresponding to equivalent positicns in fig. i. 


4.5 

±0.29 

□ 


6.8 

+1.40 



6.3 

tO.89 



1.0 

+0.7! 


0.2 

tO.26 



0.2 

tO.26 



0.2 

+0.26 

□ 

□ 

0.5 

+0.29 


0 

+ 0.0 


0 

+ 0.0 


0^7'^ 

+0.0 [+2.5^ 


m 

7 

r 

c 

n 

1+ 

0 

b 

1+ 

0 

b 

1+ 

p 

b 


0 

+ 0.0 


0 

1 + 0.0 




0 

+0.0 

^3,8j 

s'* 

6 

^2-2^ 

0 

±0.0 



1 

0 

±0.0 

7 

9 

7 

8 

0 

±0.0 


0 

+0.0 

0 

±0.0 

3 

±2.5 

c 

±0 

) 

,0 

0 

±0.0 

( 

+0 

.0 

0 

+0.0 


4 



+4.3 


LJ 


0 

+ 0.0 


12 

±7.3 


76 

^ 13 . 8 . 




13 

±5.4 

^40^^ 

^39^ 

+2.7 





7 

±2.5 

33 
+ 1.4 

44 
+ 4.8 

w ^ 

41 ' 
+ 9.3 



0 

±0.0 

19 

±1.7 

29 

±4.7 

39 

+64, 

44 



C 

r 

1 

r 


r 

23 

36 

%1 


1+ 

p 

b 

±3.1 

±3.8 

+ 13.7 1 

±20.1 




__J 

0 

±0.0 

I 

0 

+0.0 

L.,-. 



0 

+0.0 

1 

1 

0 

±0.0 

n 

i— 

0 

±0.0 

L 

0 

±0.0 


0 

±0.0 

1 

0 

+0.0 

0 

±0.0 

3 

±3.3 

: t- 

15 

±4.1 

15 

+4.2 

26 

+10.3 

’’43'' 



0 

±0.0 



0 

±0.0 



0 

±0.0 


□ 

0 

±0.0 


0 

+0.0 

□ 


0 

+ 0.0 



4 

±4.3 





KPQ, 


Fig. 3. — Percentage of diseased fruits per plant on July 25 for anion (left) and cation (right) treatments. See 
footnote to hg. 2. 
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Fig. 4 . — Average fresh weight of all fruit (grams) regardless of state of maturity at conclusion of experiment. 
Anion (left) and cation (right) treatments. 
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angle was not significantly affected by wide variations in relative composition of 
the nutrient medium. Significantly fewer fruits, however, were set in treatments 
deficient in one or more of the macromutrient cations. Since growing points were 
dead in calcium-deficient treatments, the number of fruits was less than in any 
other treatment. Fruit set was also significantly less than maximum in most of 
the potassium- and magnesium-deficient treatments, although some magnesium- 
deficient treatments are not affected in this respect. This observation will be dis- 
cussed later. 

The data for the occurrence of blossom-end rot in the cation triangle (fig. 3) 
showed a significant trend. As the concentration of calcium in the nutrient medi- 
um was less, the percentage of diseased fruits on each plant was correspondingly 
greater. In general, treatments containing 2.8 milliequivalents of calcium per 
liter of nutrient medium resulted in the greatest number of diseased fruit per plant 
and in the greatest percentage of diseased fruit per plant. There is an indication 
(treatments 48, 50, 55, 60) that relatively high concentrations of potassium and 
low concentrations of magnesium are associated with a greater percentage of dis- 
eased fruits at all calcium levels. This generalization is not applicable to magnesi- 
um-deficient treatments at comparable calcium concentrations, however, and the 
significance of the generalization is doubtful. If treatments deficient in one or more 
of the macro-nutrient cations are not considered, a significant correlation between 
the amount of calcium in the nutrient medium and the percentage of diseased fruit 
is demonstrable (r = —0.90, t = 10.29). The first diseased fruits occurred in 
treatments containing low concentrations of calcium. Subsequent to July 25, the 
greatest number of diseased fruits developed in the same treatments and accord- 
ingly were picked as the condition became apparent. In treatments containing 
greater amounts of calcium, the incidence of diseased fruits was correspondingly 
less subsequent to the initial harvest, and the diseased condition developed later 
than in those treatments represented by shaded areas in the triangles. 

Additional data concerning fruitfulness are presented in figures 4-8. These 
data, which include the total weight and number of fruits produced, as well as fruit 
size, were compiled in an attempt to evaluate other characters of fruitfulness in so 
far as they could be correlated with the occurrence of the rot. The shaded portions 
of the triangles represent treatments where a maximum response was obtained for 
the character under consideration, and it is evident that, in general, the same treat- 
ments fall in the shaded portions for each character. These characters will be dis- 
cussed together. The data for earliness (fig. 9) will be discussed separately. 

In any interpretation of the data, it is well to note that all diseased fruits were 
harvested on July 25, and all fruits which set and were diseased subsequent to this 
time were immediately picked and discarded. Thus the following data pertain 
only to healthy fruits, and the data for the anion and cation triangles are discussed 
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individually. In any comparison of figures 2 and 6, abscission at the pedicel joint 
of developing fruits is also a factor to be considered. 

The trends in data for fruit characters in the anion triangle are uniform, and, in 
general, closely coincide with those previously discussed for the mean numbers of 
fruits set per plant on July 25. It should be emphasized, however, that these data 
were collected later in the life span of the plant, and the magnitude of the differ- 
ences is increased. It is apparent that in those treatments where the rot was preva- 
lent, maximum fruit characteristics were also observed. 

In the cation triangle, however, the rot was not greatest in treatments which 
^ were the most fruitful. Relatively high concentrations of calcium (ii.3“i9.8 

ni.e./l.) are associated with maximum fruitfulness. When the concentration of 
I calcium in the nutrient medium is less, fruitfulness is correspondingly less and the 

I occurrence of diseased fruits correspondingly greater. 

The validity of this correlation is further supported by the fact that the actual 
number of diseased fruits in low-calcium treatments (where fruitfulness was less) 
was greater than the number of diseased fruits in treatments supplied with greater 
amounts of calcium in the nutrient medium. 

In so far as the date on which the fi,rst fruit ripened is concerned (fig. 9), wide 
j variation in nutrient composition in the anion triangle produced no significant 

I effect. When nitrate was absent in the media, however, the maturation of fruit 

was significantly slower. In the cation triangle the data for earliness showed little 
or no variation. There was indication, however, that a high potassium content in 
the nutrient medium inhibits fruit ripening and that a condition of potassium de- 
ficiency will hasten the ripening process. Fruits produced under these conditions 
are abnormally small. 

Inasmuch as mineral composition of the nutrient medium may not be corre- 
spondingly reflected in the composition of fruits, chemical analyses are desirable 
to support or aid the interpretation of a correlation such as is presented here. Ac- 
cordingly, analyses for the calcium content of fruits were made in certain treat- 
ments as indicated in figure 10, and the results of selected magnesium and potas- 
sium analyses are presented in figure ii. 

\ Since diseased fruits were not available in all treatments, and since it is difficult 

to obtain such fruits at comparable stages of physiological development, the first 
healthy ripe fruit on each plant was selected for analysis. Such comparable fruits 
should reflect the conditions of the plant at a particular stage of physiological 
maturity. This condition would logically be associated with nutrient composition. 

On the morning of the day that complete color change had occurred, the fruit 
was picked and immediately weighed. After a transverse section from the equa- 
torial portion of the fruit was removed for vitamin analyses, the remaining apical 

and stem-end portions were weighed and dried at 60° C. for 96 hours. Such sam- 

■■ ", . ' ■ ' ■ '■ ' . '■■■ 
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Fig. 10. — Calcium analyses on first health; 
Results in terms of milliequivalents per kilogre 
ment indicated in brackets. 


Fig. II.— Same as fig. lo, except that analyses are for magnesium (left) and potassium (right) 
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+0.44 

[8] 


7.4 

8.6 
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pies included approximately 6o“75 per cent of the fruit. The determinations of 
calcium, magnesium, and potassium were made according to the official methods of 
the A.O.A.C. (i), and the results are compiled in terms of milliequivalents of anion 
per kilogram fresh weight. The fruits analyzed were selected from treatments 
which represent wide variations in nutrient composition when all cations are con- 
sidered. 

From figure 10 it is apparent that, in general, a comparatively low concentra- 
tion of calcium in the nutrient medium results in a low concentration of calcium in 
the fruit. Treatment 48 does not conform to this generalization, and it should be 
stressed that abnormally small fruit occurred at this point (figs. 4, 5). More than 
10 per cent of the fruits were diseased in those treatments in which the first ripe 
fruits contained less than 5,5 milliequivalents of calcium per kilogram. Such rela- 
tively low concentrations of calcium were found in the fruit when the nutrient 
medium contained 2.8-11.3 milliequivalents of calcium per liter. The results of 
magnesium and potassium analyses (fig. 9) indicate comparatively high concen- 
trations of both ions in fruits from treatments where the incidence of the disease 
was high. Although lower concentrations of both ions occurred in fruits from other 
treatments, a direct relationship with the occurrence of the rot was not apparent. 

The ratios Mg : Ca and K : Ca were particularly high in the low calcium treat- 
ments (51, 56, 61, 75, and 83). This would be expected, when the' nutrient com- 
position is considered, and the significance of these ratios to diseased fruit is not 
therefore evident. 

A considerable amount of magnesium is present in fruits of treatment 69. The 
plants of this treatment were supplied with no magnesium subsequent to the 
seedling stage. This condition may represent an accumulation in the first fruit of 
a portion of the magnesium which was supplied early in the life span of the plant. 
In fruits which subsequently matured, less magnesium would be expected. This 
hypothesis is being tested by analyses of the vegetative portions of the plant and of 
fruits which subsequently developed. A greater number of treatments, involving 
all the macro-nutrient elements, are under consideration in an attempt to clarify 
the influence of the relative composition of the nutrient medium on ion absorption. 
The results will be presented in a later paper. 

Discussion 

When the characters listed in table i are used as criteria of fruitfulness, it is 
apparent that maximum responses are obtained in a definite group of treatments 
and that optimum nutrient composition in this experiment can be designated 
within narrow limits. In general, variations in calcium and nitrate produced more 
apparent differences over wider ranges in concentrations than were obvious with 
other macro-nutrient elements. Greatest fruitfulness occurred when the concen- 
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tratioii of calcium in the nutrient medium was comparatively high. Similarly, as 
the concentration of nitrates was increased from 0.0 to 8.5 m.e,/l., fruitfulness 
was correspondingly greater. It is recognized, however, that nutrient composition 
which is optimum for fruitfulness may not be optimum for such characters as 
height of plant and fresh and dry weight of root system. 

The interaction of certain ions is obvious. Thus, at concentrations of calcium, 
of 5.7 milliequivalents, greater fruitfulness resulted when potassium was rela- 
tively low and magnesium relatively high. Other examples could be cited, and 
the interactions are particularly apparent in treatments completely lacking one 
or more ions. 

The occurrence of blossom-end rot is clearly correlated with calcium nutrition. 
In the cation triangle, with decreasing concentrations of calcium in the nutrient 
medium the percentage of diseased fruits was correspondingly greater. The cal- 
cium content of fruits was associated with the amount of calcium supplied to the 
plant. Fruits which contained the smallest amounts of calcium were produced in 
treatments where the disease was most prevalent. No correlation of the occur- 
rence of this rot with any other macro-nutrient element was observed. The per- 
centage of diseased fruits in certain treatments of the anion triangle closely ap- 
proximated values for treatments of similar nutrient composition in the cation 
triangle. Thus treatment 19 in the anion triangle, which closely corresponds to 
treatment 72 in the cation triangle in so far as nutrient composition is concerned, 
shows the same percentage of diseased fruits within the limits of error (7 + 3.9 
and 12 ± 6.4, respectively). 

The results reported here are in agreement with the observations of Raleigh 
(13), using aerated nutrient culture solution with and without calcium. Young 
(23) observed relatively less blossom-end rot with the application of potassium 
fertilizers to soils. The data reported here show no primary effect of potassium 
in sand culture which would support this viewpoint. Hoffman (10) reports that 
the application of potash fertilizers to soils increases the occurrence of the rot 
only to a limited degree. This is in agreement with the present data. 

It is recognized that there is no simple explanation for the occurrence of this 
disease. However, two related factors, such as calcium nutrition and moisture re- 
lations of the plant, might be used as a basis for the correlation of other observa- 
tions. 

Whether one of these factors functions independently of the other is a question 
not answered in the literature. In this experiment it might be reasoned that root 
development in pot culture is possibly not comparable with soil conditions. Such 
restricted root development might result in less water absorption by the plant. 
If this were the only factor involved, it seems probable that all variations in nu- 
trient supply would result in the same percentage of diseased fruits. It might 
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further be reasoned that when a relatively small amount of calcium was supplied 
in the nutrient medium, less extensive root growth — and hence less water absorp- 
tion — occurred. That this hypothesis is untenable is shown by the fact that both 
vine and root growth, as measured by fresh- and dry-weight production, are great- 
est in low calcium treatments (2.8 milliequivalents of calcium per liter of nutri- 
ent raedium). Furthermore, the percentage dry matter of the vine is signiiicantly 
less in low calcium treatmen ts as compared with high. These data would thus indi- 
cate that those treatments where the rot was most prevalent resulted in the most 
succulent vines and the most extensive root systems. Thus, in this experiment 
water intake was actually relatively greater in low calcium treatments. 

Since no direct effect of potassium was observed in sand culture where exchange 
phenomena are absent, it would seem possible that a secondary effect is being ob- 
served in cases where potash applications to soils reduce the occurrence of the 
disease. If one were dealing with a very acid soil with a relatively small quantity 
of calcium in the colloidal complex, it is conceivable that an increase in the con- 
centration of potassium ions in the soil solution would liberate some calcium in the 
exchange complex, making it more readily available to the plants. 

Kertesz et (iL (ii) have reported that the addition of 170 p.p.m. of calcium 
chloride to peeled tomatoes for a short time during the canning process will result 
in firmer fruits with no subsequent disintegration of fleshy portions. Their data 
, show that an appreciable amount of calcium has been absorbed by the cells and 

is not subsequently lost by drainage. The drained weight is materially increased 
over that of untreated tomatoes. Their data seem to indicate a greater retaining 
capacity of cells for w^ater or soluble materials. 

The role that calcium has in water relationships within the plant is not at all 
clear, and the following questions might be proposed: (a) Does calcium, in the cell 
walls or in semipermeable membranes influence the water-retaining capacity of 
cells? If so, an adequate accumulation in the fruit is necessary to prevent water 
1 withdrawal. Also, a lack of calcium in the fruit might result in a “flooding” of 

I intercellular spaces, thereby limiting gaseous exchange for metabolism, (b) Is wa- 

' ter transfer controlled by or related to the content of calcium in the cell walls? If so, 

^ do cells “compete” for water supply? The following questions might also be consid- 

I ered concerning calcium in the external environment: (a) Does an “imbalance” of 

the nutrient media resulting from variations in calcium supply result in differential 
ionic absorption? This may be indicated in the potassium and magnesium analyses 
of fruits in this experiment, (b) Is the volume of nutrient supply a factor in the 
absorption of water and nutrient elements? 

While these questions are in no way clarified by the data presented here, their 
importance to an understanding of the disease is suggested. 
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Summary 

1. A population of 1044 plants of an inbred strain of Bonny Best tomatoes was 
grown in sand culture. The effects of eighty-seven different nutrient solutions 
varying in the relative proportions of macro-nutrient elements were studied in rela- 
tion to fruitfulness and the occurrence of blossom-end rot. The data were reduced 
and analyzed by statistical methods. 

2. In general, variations in amounts of calcium and nitrate in the nutrient me- 
dium resulted in greater differences in fruitfulness over wider ranges in concentra- 
tions than did the other elements. 

3. Greatest fruitfulness occurred in treatments relatively high in nitrate and 
low in sulphate and phosphate in the anion triangle and in treatments relatively 
high in calcium and low in magnesium and potassium in cation triangle. 

4. The percentage of diseased fruits on each plant increased with decreasing 
calcium concentrations in the nutrient medium. This correlation is largely inde- 
pendent of magnesium and potassium concentrations, and no correlation with any 
anion was observed. 

5. Fruits produced in treatments where the rot was most severe were low in 
calcium content and high in potassium and magnesium content. 

6. The occurrence of the rot was definitely associated with calcium nutrition. 

U.S. Plant, Soil, and Nutrition Laboratory 
Ithaca, New York 
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RELATIONSHIP OF DISSOCIATION OF CELLULAR 
PROTEINS BY AUXINS TO GROWTH' 

HENRY T. NORTHEN 
(with one pigore) 

Protoplasm is a system which, like in vitro protein ones, may be reversibly dis- 
sociated by various agents (52). The data presented in this paper indicate that 
auxins condition a dissociation of cellular proteins as evidenced by decreases in 
the structural viscosity of protoplasm. Such dissociation, with a concomitant de- 
crease in the molecular weight of cellular proteins and an increase in the number of 
active sulfhydryl groups, may condition accelerated rates of imbibition, diastatic 
activity, and respiration, as well as modify development. 

Material and methods 

Stems and petioles from navy bean plants 8-15 days old, which had been grown 
in window boxes of the laboratory, were smeared unilaterally with hydrated lano- 
lin preparations of indole-3-acetic acid, indole-3n-propionic acid, and a-naphtha- 
lene acetic acid. After the desired periods (tables i-y), the responses were noted. 
Then a 1.5-cm, piece from each stem or petiole was centrifuged between wet cot- 
ton with an acceleration of 680 X gravity for 4 minutes, an acceleration which 
would not displace chloroplasts or starch grains in most cells of control petioles 
or stems. In the centrifuge tubes the axes of the plant parts were at right angles to 
the direction of the acceleration. Following centrifugation, freehand cross-sec- 
tions were prepared and mounted in IKI. Next the percentages of cells in which 
the chloroplasts or starch grains were displaced on the auxin-treated sides and on 
the control sides were determined. In other experiments the tops of decapitated 
plants were daubed with lanolin or with lanolin containing growth substance. 
Such stems were then centrifuged, sectioned, mounted, and observed. About 
4000 plants were treated, of which percentages of displacement were determined 
for about 500 plant parts. Approximately 150,000 cells were counted. 

Data 

Petioles treated on one side 

Mixture of i mg. indole-3-acetic acid in i GM. LANOLiN.—In table i, data, 
for a typical experiment, one of three, are recorded. It will be noted that with all 

^ Contributions from the Department of Botany and the Rocky Mountain Herbarium of the Uni- 
versity of Wyoming, no. 189. 
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TABLE 1 


Hours 

EXPOSED 

Re- 

sponse 

Percentage of cells showing 

DISPLACEMENT IN 

Cortex 

Ray 

I.A. 

SIDE 

Control 

SIDE 

I.A. 

SIDE 

Control 

SIDE 

0.0 



3 


0 

0.0 



2 


0 

0.5 

0* 

65 

15 

62 

28 

0.5 

0 

52 

14 

36 

9 

1,0 

— 

68 

16 

65 : 

5 

1 .0 

— 

70 

9 

68 

9 

1-5 


89 

30 

92 

37 

I *5 

__ 

89 

20 

94 

39 

2.0 

— 

92 

21 

84 

1 6 

2.0 

— 

87 

30 

79 

23 

3-0 

— 

90 

28 

99 

45 

20.0 



66 

18 



20.0 

_ 

71 

16 









* In this and following tables: o, none; growth greater on i.a. side; 
-f, growth greater on control side. 


TABLE 2 


Concen- 
tration 
(mg. per 

GM.) 

PIOURS 

EXPOSED 

Response 

Percentai 

TEX CELL 

DISPLACE 

CHLOROP 

I.P. 

SIDE 

IE OF COR- 

I SHOWING 

MENT O F 

LASTS ON 

Control 

SIDE 



20.0 

0 

I 2 

7 

20 

. 

20.0 

0 

26 

18 



22.0 

0 

2 

2 



3‘0 


67 

14 



3-5 


64 

II 

4.0 


4.5 


54 

16 



5.3 

_ 

80 1 

10 



6.5. ., 


86 

34 



2.0 

— 

75 

8 



5-0 

— ■ 

81 

9 

60 


6.0 

— 

90 

27 



6.5 

— 

84 

L 5 



^28.0 

— 

96 

17 



0.2 

0 

S 

',3 



0.5........ 

— 

71 

7 

100 

i 

r; 

I.O. . . . ... . 

— 

80 

27 



1.5. ... .... 


75 

II 



3-0 

— 

51 

15 



1 5 - 0 - 

+ 

6 

8s 
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exposures the chloroplasts in the cortical cells and the starch grains in the ray cells 
were displaced by the centrifugation in greater percentages of cells on the indole-3- 
acetic acid (i.a.) side than on the control side. This indicates that the structural 
viscosity of protoplasm has been decreased on the i.a, side. Presumably de- 
creases in structural viscosity are conditioned by a dissociation of cellular pro- 
teins. 

INDOLE-3N-PROPIONIC ACID. — In all instances (table 2) the structural viscosity 
was lower on the convex than on the concave side in the experiments with this 
acid (i.p,). 

Mixture of i mg. a-NAPHXHALENE acetic acid in i gm. LANOLiN.~The data 
from one of three experiments which agreed closely are recorded in table 3. Dur- 


table 3 


Hours exposed 

Response 

Percentage of cor- 
tex CELLS SHOWING 

displacement of 

chloroplasts on 

Hours exposed 

Response 

Percentage of cor- 
tex CELLS HHOWTNC, 

DISPLACEMENT OF 

CHLOROPLASTS ON 

N.a. 

SIDE 

Control 

SIDE 

N.a. 

SIDE 

Control 

SIDE 

0.0 



5 

3.0 


55 

10 







0.0 



1 1 

3.0 

+ 

82 

81 

0.5 



25 

4 

3.0 

+ 

82 

80 

0.5 

- 

54 

21 

4.5 

93 

47 

1 . 0 


48 

7 

4-5 

— 1 

89 

26 

1 .0 


6s 

24 

4-5 

+ 

67 

72 

1.5 

— 

61 

12 

45 

+ 

69 

53 

1. 5 

— 

78 

' 7 

24.0 

— 

57 

30 

3-0 


91 

30 

24.0 


62 

14 


ing the initial negative curvature the viscosity was lower on the faster than on the 
slower growing side. Three hours and 4-I hours after application of the n.a., some 
petioles exhibited a negative bending and others a positive. In the former in- 
stance the viscosity was lower on the auxin side. When the curvatures were posi- 
tive, however, the viscosity was low on both sides. At the end of 24 hours all the 
petioles exhibited a negative bending and the viscosity was lower on the auxin 
side. 


Petioles treated on upper or lower surface with i mg. of 
a-NAPHTHALENE acetic acid PER GM. OF lanolin 

In this experiment percentages of displacement were determined in various 
areas of the cortex. In table 4 the regions are indicated by numbers. The diagram 
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(fig. i) reveals the area of the petiole corresponding to each number. Regions 
three and six are those of collenchyma, whereas the others are of chlorenchyma. 
Each percentage is the average of fifteen sections cut from five petioles. 


TABLE 4 


Hours 

EXPOSED 

Re- 

sponse 

Surface 

TREATED 

Percentage displacement in region 

I 

2 

3 

4 

5 

6 

0-5 

— 

Upper 

54 

41 

0 

2 

14 

0 

0.5 

— 

Lower 

3 

7 

8 

15 

51 

88 

I.O 

— 

Upper 

70 

78 

55 

32 

16 

34 

I.O 

— 

Lower 

8 

18 

75 

70 

65 

75 

I-2S 

— 

Upper 

64 

70 

78 

8 

II 

0 

1.25 

— 

Lower 

0 

4 

43 

53 

91 

96 

2.0 

— 

Upper 

31 

45 

45 

37 

41 

43 

2.0 

— 

Lower 

40 

38 

68 i 

78 

89 

94 

3 -S 

4. 

Upper 

58 

78 

90 ^ 

73 

68 

92 

3-5 

+ 

Lower 

84 

89 

60 

82 

70 

48 


Initially the viscosity was decreased only in re- 
gions near the point of application. With longer 
exposures the viscosity was decreased in more dis- 
tant regions, until at the end of 3I hours it was 
about the same in remote locations as in close ones. 

With the exception of the experiment where the 
upper surface was treated and the exposure was 
2 hours, increased growth was paralleled by low- 
ered viscosity when the curvatures were negative. 

When the bendings were positive, however, the dif- 
ferences between the two sides were not significant. 

Auxins applied unilaterally to first internode of stems 

, Mixture of i mg. indole-3-acetic acid in i gm. of lanolin. — The proto- 

plasmic viscosity was decreased in ray cells on the i.a. side before any noticeable 
bending occurred (table 5). When the curvature was negative the viscosity was 
lower on the auxin than on the control side. After 2 hours there was little differ- 
ence in the protoplasmic viscosity of the two sides. 

INDOLE-3N-PROPIONIC ACID. — In general, the data (table 6) indicate that when 
curvatures are negative the structural viscosity of the protoplasm is lower on the 
convex side. 
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Auxins applied on tops op pirst internodes op stems 
Mixture op 10 mg. indole-3N-propionic acid in i gm. of lanolin.— In this 
experiment plants were decapitated just below the first pair of leaves. The cut 
surfaces of some of the plants were then daubed with lanolin and those of others 
with a mixture of lanolin and i.p. acid. Following centrifugation, sections were 


TABLE 5 


Hours exposed 

j 

Response 

PeRCIsNTA' 

CELLS S 

STARCH 

DISPI. 

I.A. 

SIDE 

GE OF RAY 

iHOWlNG 

GRAINS 

-ACED 

Control 

SIDE 

0.0 



3 





0.0 



s 

0-5 

0 

60 

17 

0.5 

0 

54 

3 

I.O 


62 

9 

1 .0 

— 

81 i 

24 

2.0 

+ 

Q2 

94 

2.0 


83 ^ 

79 


TABLE 6 


% 



cut at different distances from the surface. At the end of 22 hours slight swellings 
were noted at the tops of those plants which received this acid. Such protuber- 
ances subsequently increased in size. Their behavior was very much like that de- 
scribed by Kraus, Brown, and Hamner (36). The experiment involving ex- 
posures of I I and 12 hours was performed when the internodes were 3 cm. long, 
whereas the other experiment, involving 22- and 28-hour exposures, was per- 



NORTHEN—AUXINS 


1942] 


673 


formed when the internodes were 4 cm. long. The data (table 7) indicate that 
i.p. acid conditions a decrease in structural viscosity. 

Mixture of i mg. a-NAPHXHALENE acetic acid in i gm. of lanolin. — After 
an exposure of 22 hours the starch grains were displaced by centrifugation in 76 
per cent of the experimental ray cells (5 mm. from the apex) and in 1 1 per cent of 
the control ray cells. 

TABLE 7 


Percentage of displacement in 


Hours 

EXPOSED 


Millimeters 

FROM APEX 


Cortex cells 

Lanolin 

Lanolin 


only 

70 


92 

14 

90 


83 

9 

86 


70 

0 

100 

0 

56 


55 

19 

70 



Ray cells 


L.wjlin 

+I.P. 


Lanolin 

ONLY 


Pith cells 


Lanolin 

+I.P. 


Lanolin 

ONLY 


28 


3 - 

7. 

10. 

I" 

[10. 
! 3 - 

I 7. 

3 - 

7 - 

xo. 


89 

93 

100 

8 S 

100 

91 

55 

66 

79 

80 

90 


28 


59 


100 

100 

100 

92 

100 

97 

86 

100 

100 

100 

100 


30 


44 


InDOLE~3N--PROPIONIC acid applied on tops of second internodes of stems 

The tops of some second internodes were treated with lanolin and others with 
lanolin containing 10 mg. of i.p. acid per gram. Following centrifugation, sec- 
tions were cut 4 mm. from the apex. Displacements of starch grains were noted in 
85 per cent of the ray cells from plants which received this acid and in i per cent 
from control plants after 5 hours’ exposure, in 76 and o per cent, respectively, after 
10 hours and in 80 and o per cent, respectively, after 24 hours, thus manifesting 
that the structural viscosity had been decreased by the acid. 

Discussion 

The application of growth substances to plants may condition increased plas- 
ticity of cell walls (26), intussusception of new wall material (68), augmented 
swelling pressure (72), quickened rates of respiration (i, 8, 58, 75, 81) and carbo- 
hydrate hydrolysis (5, 48), initiation of cell division (7, 28, 47, 67, 79), and at 
times mitotic abnormalities (20, 36). 

With the possible exception of wall plasticity, all the listed processes are under 
protoplasmic control. The rates of such processes are often increased by agents. 
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including growth substances, which condition a dissociation of cellular proteins. 
For example, carbon dioxide, anesthetics, disease, alternating currents, direct cur- 
rents, warm baths, wounding, X-irradiation, soap, and sodium taurocholate initi- 
ally cause a dissociation of cellular proteins, as evidenced by decreases in viscosity 

(3, 13.25,49. so, 51, 53, 54)- 

Of these the following may initially increase the rate of respiration : carbon 
dioxide (765 77), anesthetics (21, 34), disease (59), mechanical agents (4, 19, 31), 
sodium taurocholate (10), and X-irradiation (66). The hydrolysis of starch may 
be accelerated by carbon dioxide (77), anesthetics (33), alternating currents (40), 
warm baths (33), wounding (31), and X-irradiation (66). Some agents which initi- 
ate cell division in unfertilized animal eggs are carbon dioxide (27), ether (45), 
electrical currents (14), warm baths (44), and soaps (42). Agents which dissociate 
cellular proteins and produce mitotic abnormalities are anesthetics, high tempera- 
tures, wounding, disease, and X-irradiation (65). 

The data presented indicate that growth substances condition a dissociation of 
cellular proteins. In this particular they act like many agents. It has been sug- 
gested that such dissociation conditions accelerated rates of many processes 
which are controlled by protoplasm. 

The following diagram illustrates some of the transmutations which may occur 
when cellular proteins are subjected to environmental changes. The physiological 
resultants of each state are also listed. 

ASSOCIATED PROTEINS COAGULATION 

Anesthesia Death 

Retardation of vital processes t 

11^ I 

NATIVE PROTEINS^— - -^ LABILE PROTEms:;==I^DENATURED PROTEINS 

Hypersensitivity 

NATIVE LABILE f 

PROTEINS ^ PROTEINS 

(modieied h 

pattern) 

Differentiation 

Altered development i i 

dissociated proteins 

(molecular weight etc., that of native proteins) 

Stimulation 

Rates of following are usually increased: 

1. Swelling 

2. Respiration 

3. Carbohydrate hydrolysis 

4. Permeability 

It must be emphasized that the series of reactions is not entirely h3^othetical 
but is based on experimental data. Northen (51) obtained evidence which sug- 
gested that labile proteins were formed prior to dissociation. He noted that solu- 
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tions of ether, so dilute that neither dissociations nor associations resulted, ren- 
dered the protoplasmic proteins more sensitive to dissociation by a mechanical 
impact. Apparently the dilute ether changed the native proteins into the more 
readily dissociable labile proteins. 

Previously data have been cited which indicate that many agents decrease the 
structural viscosity of protoplasm. It is probable that decreases in structural vis- 
cosity are conditioned, in part at least, by dissociations of cellular proteins. First, 
because agents which decrease the structural viscosity of protoplasm dissociate in 
vitro proteins. The following agents which decrease protoplasmic viscosity may 
dissociate proteins: temperature of 35^ C. (69), sound (ii), amides (22, 71), al- 
cohols (70), and X-irradiation (6). Second, because viscosity may be proportional 
to molecular weight (Staudinger, in Schmidt, 64). 

When cells are treated with some agents an increase in viscosity follows an ini- 
tial decrease (3, 25, 49, 52, 53). It is likely that the increase is conditioned in part 
by an association of cellular proteins. 

The concept of protoplasm as a reversibly dissociable-associable system is in 
harmony with biochemical evidence. The preceding diagram was modeled from 
that suggested by Lundgren and Williams (43) for in vitro proteins. They out- 
lined the series as follows: 

Associated proteins 
t 

Native proteins.=: i^Labile proteins ->Denatured proteins 

O 

Dissociated proteins 

Prior to them, SjzJrensen (70) and Svedberg (73) concluded that proteins were 
reversibly dissociable-associable component systems. Svedberg states: ‘^The 
lability [of proteins] reveals itself in a number of well defined and reversible dissoci- 
ation-association reactions, the causes of which are changes in the environment.^’ 
In other words, even in vitro protein systems are irritable. They can respond to 
relatively small environmental changes. 

According to the dissociation-association idea of protoplasm, the dissociation 
of cellular proteins, by auxins or other agents, conditions an increased swelling 
pressure, which is probably a factor in the enlargement of cells. Biochemical evi- 
dence supports this deduction. Northrop (55) noted that a gel which ceased to 
take up water again did so if the network lost its elasticity. Lloyd (41), from 
studies on the relationship between protein structure and water absorption, con- 
cluded that the more compact the structure the less the swelling and the looser the 
structure the greater the swelling. Kuthy (38) observed that substances which 
tended to change gels into sols promoted swelling, whereas those which conditioned 
the reverse reaction inhibited swelling. Moreover, from a thermodynamical point 
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of view, and in accordance with the data presented, it is highly probable that in- 
creased swelling is conditioned by a dissociation of cellular proteins. 

The swelling pressure of a gel (and presumably of a structural system like 
protoplasm) is related to vapor pressure and molecular weight according to the 
following equation (64, p. 471): 

in which P is the swelling pressure, R the gas constant, T the absolute temperature, 
M the molecular weight, Va the specific volume of the liquid, and h the relative 
vapor pressure (the ratio of the vapor pressure of the gel to that of the pure sol- 
vent), Hence, if an agent decreases the molecular weight of cellular proteins or the 
vapor pressure of the protoplasm, the swelling pressure will increase. Accordingly, 
if water be present and the walls are plastic, cells may enlarge. The vapor pres- 
sure of protoplasm may be lowered when cellular proteins dissociate through the 
splitting of proteins, the liberation of ions, sugars, and other substances from their 
previous combinations, and by the disengagement and activation of hydrolyzing 
enzymes. 

The diminution of the molecular weight of proteins, conditioned by auxins and 
other agents, may greatly augment the protoplasmic swelling pressure. According 
to the equation, if the molecular weight be halved the swelling pressure will be 
doubled; if quartered, quadrupled; and so on. That proteins may be strikingly 
dissociated is demonstrated by the work of Hand (22), who noted that the particle 
weight of urease was reduced from 700,000 to 17,000 by urea. If such a decided 
dissociation occurred when cellular proteins were disaggregated by auxins or other 
agents, the swelling pressure would be increased more than forty-one times. 

The previously presented data demonstrate that in many instances cell en- 
largement is correlated with dissociation. In some cases the relationship may or 
may not hold, particularly where positive curvatures were noted and when the 
viscosity was decreased about equally on both sides. In such instances, however, 
it is conceivable that at the times the experiments were performed both sides were 
growing at the same rate. 

In some circumstances other substances which dissociate cellular proteins also 
increase growth. Of the agents which condition a dissociation, the following may 
at least initially accelerate growth: anesthetics (16, 39), carbon dioxide (57), dis- 
ease (24), alternating currents (39), localized injury (57), and X-irradiation (15), 
Under certain conditions the parallelism between growth and the state of cellular 
proteinsjs striking. For example, Pfeffeii. (57), Gassneic (17),: and Hartmann 
(23) reported a greater growth on the positive side, when plants were weakly stimu- 
lated by an electrical current and a greater growth on the negative side when^niore 
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strongly stimulated. These results parallel the effects that an electrical current 
has on the dissociation of cellular proteins as evidenced by viscosity changes. 
Northen (51) noted that with short exposures to a current the decrease in struc- 
tural viscosity was more extensive on the positive side than on the negative, 
whereas with longer exposures a decrease was observed on the negative side and 
an increase on the positive side. Hence it seems that the dissociations conditioned 
by a direct current, auxins, or other agents may at times condition an accelerated 
growth. When walls are sufficiently plastic, such increased growth may result 
from an increased protoplasmic swelling, a concept previously advanced by 
Strugger (72). However, auxins not only condition an increased swelling pres- 
sure, but — as Heyn (26) ' has demonstrated — they also condition an increase in 
the plasticity of cell walls. Such increased plasticity may or may not result 
through the intermediation (dissociation) of protoplasm. 

Studies on the reactivity of cells to growth substances suggest that dissociation- 
association reactions of cellular proteins play a role in growth, although not neces- 
sarily a primary one in all instances. For example, Boysen-Jensen (9) suggested 
that the positive phototropic curvatures of Raphanus hypocotyls were conditioned 
in part by a greater reduction in the reactivity of cells on the illuminated side than 
on the shaded side. The studies of Weber (80), who noted that the viscosity of 
protoplasm was much higher in light than in darkness, suggest that the greater re- 
activity is conditioned by a greater dissociation of cellular proteins on the shaded 
side, on which side the swelling pressure would accordingly be greater. 

The reactivity to unequal illumination may be modified by many substances. 
Rina and Arduino-Jolanda (63) noted that plants watered with dilute solutions 
of copper sulphate, caffeine, quinine chlorhydrate, strychnine, ethyl alcohol, and 
nicotine showed a greater response to unilateral lighting than did plants watered 
with distilled water. Richter (62) observed that plants exposed to an atmosphere 
containing ether exhibited a greater heliotropic response than did control plants. 
In certain concentrations and with some exposures, caffeine (Northen, unpub- 
lished observations), copper chloride (2), ethyl alcohol (25, 50), and ether (131 50) 
condition a decrease in protoplasmic viscosity. One interpretation of the increased 
sensitivity may be as follows: The concentrations of the applied reagents were not 
high enough in the reacting cells to result in marked dissociation of the cellular 
proteins, although they were sufficient to condition the formation of labile pro- 
teins, which would be more readily dissociated by auxin (which accumulates on 
the shaded side) than native proteins. 

According to this interpretation the sensitivity of a tissue is increased by agents 
which transmute native to labile proteins. This concept may also explain the data 
of Hitghcock and Zimmerman (29, 30). They noted that auxin preparations 
which contained o.oi per cent ethyl alcohol were more effective in inducing root 
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formation than similar preparations not containing alcohol; they found further- 
more that greater than additive effects were obtained with mixtures composed of 
one active root-inducing substance and one or more substances of lower or no ac- 
tivity. In these instances the dilute alcohol and the substances of lower or no ac- 
tivity may have conditioned the formation of more sensitive labile proteins. 

When growth is augmented the energy requirements are increased. Such requi- 
sites are generally fulfilled by an acceleration of respiration. Bonner (8) demon- 
strated that cell elongation is closely correlated with respiration. Thimann (74) 
obtained evidence which associated the action of auxins with an oxidation reac- 
tion. Hence it seems that respiration is accelerated by the same structural altera- 
tions as those which augment swelling pressure. 

When cellular proteins dissociate, disulphide linkages are broken, with resulting 
increase in the number of sulfhydryl (SH) groups. Such groups may actuate many 
respiratory enzymes. Rapkine (60) noted that the enzyme which catalyzed the 
oxidation reduction between triose phosphate and pyruvate was active only when 
sulfhydryl groups were present. Gill and Lehmann (18) quoted the work of 
Quastel and Wheatley and that of Runnstrom and Sperber, which indicated 
that the respiration of yeast was increased by SH-glutathione and cysteine. More- 
over, they noted that reducing compounds and agents which increased the content 
of SH groups in the medium augmented Robison ester formation. 

Several investigators have found that dehydrogenases are actuated by SH 
groups (61, 32). That dehydrogenase activity is closely related to growth is evi- 
dent from the investigation of Commoner and Thimann (12), who observed that 
dehydrogenase inhibitors restrained the growth of Avena coleop tiles. Further- 
more, it is possible that during dissociation activators other than SH groups may 
be disengaged (such as ions), that substrate molecules or the enzymes themselves 
may be disunited and thereby increase the respiratory rate. 

The quickened rate of respiration, conditioned by auxins or other dissociating 
agents, may in part be caused by an increase in the amount of respirable substrate 
as a result of polysaccharide hydrolysis. Carbohydrases as well as respiratory 
enzymes are actuated by sulfhydryl groups, formed when cellular proteins dis- 
sociate. Michaelis and Runnstrom (46) noted that the glucolytic enzyme of 
muscle extract was activated by SH groups. Ito (35) reported that the hydrolytic 
activity of a-amylase, / 3 -amylase, and sucrase was accelerated by reduction and 
retarded by oxidation. In addition to the activation of carbohydrases by such re- 
ducing groups as sulfhydryl, the dissociation may result in the disengagement of 
enzymes from previous combination. Kurssanov (37) states that enzymes are 
partitioned in the cell between the structural elements and the aqueous solution. 
In solution the enzymes hydrolyze and, when adsorbed, synthesize. Furthermore, 
he believes that changes in the physico-chemical conditions in the cell may modify 
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the ratio. When cellular proteins dissociate, carbohydrases may accumulate in the 
aqueous phase, thus conditioning hydrolysis. Hence it is likely that those struc- 
tural alterations which condition increased swelling pressure and respiration also 
condition increased polysaccharide hydrolysis. 

Growth substances often bring about the formation of roots, and such forma- 
tion may be conditioned by the dissociation of cellular proteins. The appearances 
of cells and their activities are regulated primarily by the protoplasmic patterns 
within the cells. Hence, if cells which normally would not divide and develop into 
root cells are induced to do so, the protoplasmic patterns in the normal cells have 
been altered. Before a modified pattern can be produced the cellular proteins must 
be dissociated. Then the products of dissociation may be rearranged (reassociated) 
to form a dissimilar pattern, one that will function differently. This concept is in 
complete harmony with recent biochemical data. Tiselius and Horsfall (78) 
noted that after hemocyanins from different species were dissociated, the reassoci- 
ated proteins differed from the original ones. Pedersen (56) determined the pres- 
ence of an interaction between components in protein mixtures. Such interactions 
gave rise to new molecular types. 

In the development of the abscission layer a series of protoplasmic changes oc- 
cur. The dissociation of protoplasm by auxins will interrupt such orderly changes 
and thereby delay the formation of the layer. 

Auxins, like many other substances, may stimulate, restrain, or kill, the end re- 
action depending upon concentration and time. Thimann (74) has diagrammed 
the relationship of concentration to effect for stems, roots, and buds. In general, 
higher concentrations are required for retardation than for stimulation and still 
higher for death. The dissociation-association concept, outlined in the early part 
of this paper, adequately shows the interrelationship between death, retardation, 
and stimulation. 

In general, actively growing tissues are more sensitive to potentially lethal 
agents than are dormant or nongrowing tissues. In actively growing tissues the 
cellular proteins are usually somewhat dissociated, whereas in dormant tissues the 
proteins are not. Dissociated proteins may be denatured more readily than native 
ones. Lundgren and Williams (43) found that dissociation and denaturation 
were closely related. When cellular proteins denature, death is near. To be sure, 
the sensitivity of tissues is closely related to water content. But such sensitivity is 
probably primarily conditioned by the state of the cellular proteins. That is, an 
increase in the water content of a cell may condition some dissociation with a con- 
comitant increased sensitivity, respiration, carbohydrate hydrolysis, and swelling 
pressure. That dilution may condition a dissociating of cellular proteins is evident 
from the work of Svedberg (73), who noted that high dilution caused the dissocia- 
tion of m proteins. 
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Summary 

1. The centrifuge method was used to determine protoplasmic viscosity in cor- 
tex cells (and in some instances in ray and pith cells) of bean petioles and stems 
which had been daubed with lanolin preparations of indole-3-acetic acid^ indole- 
3n-propionic acid, and a-naphthalene acetic acid. 

2. Unilateral applications of the growth substances initially conditioned nega- 
tive curvatures, in which instances the protoplasmic viscosity was lower in cells on 
the faster growing sides of the petioles and stems than in cells on the slower grow- 
ing sides, and likewise lower than in control petioles or stems. When subsequent 
positive curvatures resulted, the viscosity was decreased about equally on the 
treated and untreated sides, except in the case of petioles treated with a paste con- 
taining 100 mg. of mdole-3n-propionic acid per gram of lanolin, in which instance 
the viscosity was lower on the untreated sides. 

3. Applications of indole-3n-propionic acid or a-naphthalene acetic acid to 
the tops of decapitated plants resulted in a decrease in the structural viscosity of 
protoplasm in cells below the cut surfaces. 

4. In part at least, the decreases in structural viscosity were conditioned by 
dissociations of cellular proteins; that is, by the splitting of proteins into mole- 
cules one-half, one-fourth, one-eighth, etc., that of the original ones. 

5. Biochemical and thermodynamical evidence is introduced which suggests 
that such dissociations condition increased protoplasmic swelling pressure, respira- 
tion, and polysaccharide hydrolysis, as well as altering development. 

Department or Botany 
University of Wyoming 
Laramie, Wyoming 
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RESISTANCE OF CUCUMBI^R SEEDLINGS TO DAMPING^OFF AS 
RELATED TO AGE, SEASON OF YEAR, AND LEVEL 
OF NITROGEN NUTRITION^ 

T. T. McCLXJRE AND W. R. ROBBINS 
(with twenty figures) 

Introduction 

This paper presents the results of an investigation on the manner in which cu- 
cumber seedlings show different degrees of resistance to damping-off after being 
inoculated with a form of Pythium, The lots of seedlings tested differed with re- 
gard to the level of nitrogen in the nutrient solutions with which they were sup- 
plied and with regard to age and season of the year in which they were grown. 
Inoculations of seedlings with the fungus culture were made at frequent intervals 
from May to July, 1937, and from November to April, 1938. Structural modifica- 
tions of tissues of the seedlings associated with the relative resistance to the in- 
fection were studied. 

Damping-off diseases are generally considered more likely to occur in seedlings 
than in older plants, and resistance to infection by the causal fungus organisms 
increases as seedlings grow older. The fungi causing damping-off have an exceed- 
ingly wide host range and can grow parasitically or saprophytically. Because of 
the wide range of environmental conditions under which these organisms may de- 
velop, a number of environmental factors have been associated with resistance or 
susceptibility to infection. It has been noted that high temperature, high humid- 
ity (25), high soil moisture (4), and deficiency in the light supply (i) all favor de- 
velopment of the diseases. The generalization has been made that seedlings in a 
^ Veakened” condition are more susceptible than are more vigorously growing ones 
(8), although this suggestion does not throw much light on the nature of the resist- 
• ance. 

Regarding the influence of the mineral nutrition of the host on susceptibility to 
infection, Laurent (according to Jones, 12) concluded that field use of nitroge- 
nous fertilizers predisposed foliage and tubers of potato to infection by Phytophthora 
but Cook (6) found that tomato plants grown with low nitrate supply were un- 
usually susceptible to infection by Fusarum lycopersici. 

^ Journal Series paper of the New Jersey Agricultural Experiment Station, Rutgers University, De- 
partment of Plant Physiology. It is a pleasure to acknowledge the advice and cooperation of Dr. G. M. 
Haenseler of the Department of Plant Pathology in connection with certain pathological phases of the 
problem and also the editorial assistance of Dr. B..E. Livingston, formerly of the Johns, Hopkins .Labora- 
tory of Plant Physiology. 
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Figs. — ^Fig. i, allantoid bodies Pytlmmi splendens. Fig. 2, conidia in Mehrlich’s liquid medium, 

Fig. 3, cucumber seedling inoculated at 6 days of age: A j with deficient nitrogen; JS, with adequate nitro- 
gen. Fig. 4, transection of hypocotyl of a 6-day healthy seedling. Fig. 5, transection of scar formation; 
hypocotyl of resistant seedling. 
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The resistance of plants to infection by pathogenic fungi has often been ascribed 
to some morphological feature of the plant tissue. Hartley (9) thought that the 
spread of Pythium debaryanum in conifer tissues was hindered by thick cell walls, 
and Heald (10) found an inverse correlation between the thickness of parenchyma 
walls and the spread of Phytophthora infesians in potato tubers. In some host 
plants the progress of an infecting fungus may be greatly retarded or stopped by 
special growth reactions of neighboring cells. Braun (3) found that the resistance 
to the spread of Pythium complectens in geranium cuttings was associated with the 
formation of a corky layer in advance of the fungus. Tisdale (23) observed a 
similar walling-off in Linum when invaded by Fusarium^ but Ullstrxjp (24) found 
no such barrier to the advance of Fusarium in China aster wilt. Conant (5) re- 
ported a close correlation between the resistance of tobacco seedlings to infection 
by Thielavia basicola and cork formation in the tissues underlying the lesions. 

Experimental methods 

Culture oe host plants. — Cucumber {Cucumis sativus Linn.) was chosen for 
this study because this species is very susceptible to infection by Pythiaceous 

table 1 


Composition of nutrient solutions expressed as 

VOLUME MOLECULAR CONCENTRATIONS OF SALTS* 


Solution 

RH2PO4 

CaCL 

Ca(N 03)2 

MgSO.^ 

(NH4)iS04 

Complete 

Without nitrogen 

0.0010$ 

0.00105 

0.0036$ 

0.00365 

0.00355 

0.0035s 

0.0007 


* Iron, boron, and manganese used in each solution in concentrations of i, i, and I p.p.m., respec- 
tively. 


fungi (7, 22) and because the seedlings are readily handled in experimentation of 
this kind. Cucumber seeds of the variety Improved Long Green were surface 
treated for a few minutes with o.i per cent aqueous solution of mercuric chloride, 
after which they were rinsed with sterile water and allowed to germinate between 
moist sheets of sterile blotting paper in covered glass crystallizing dishes at 24® C. 
After a germination period of 30 hours, apparently healthy seedlings with radicles 
protruding about i nim. were selected and planted i cm. deep in quartz sand held 
in 2-gallon glazed crocks (fig. 3) with bottom drainage. 

Each culture was supplied with about i liter of nutrient solution per day, ac- 
cording to the constant drip procedure of Shive and Stahl (20). Some cultures 
received a complete nutrient solution; others received a solution lacking nitrogen. 
These solutions were modifications of Jones and Shive's (13) four-salt solution 
TjRiCs, except that the osmotic concentration was equivalent to about 0.5 atmos- 
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phere. The composition of these solutions is given in table i. The seedlings sup- 
plied with the complete solution had an adequate supply of nitrogen, whereas in 
the other treatment the seedlings received no nitrogen except that which was de- 
rived from the seeds or present as unavoidable impurities introduced with the use 
of analytically pure nutrient salts of the grade Baker’s Analyzed. 

TABLE 2 

Incidence of infection in seedlings grown with adequate and with inade- 
quate NITROGEN SUPPLY AND INOCULATED ON HYPOCOTYL WITH 
PYTHIUM at VARIOUS AGES AND AT VARIOUS TIMES OF YEAR 


Date 


Culture 

STARTED 


5/5/37- 

S/l 2 . . . 

6/9 

6/9 

6/16. . . 
6/22. . . 
6/30. . . 

10/13. . 
10/27. . 
10/27. . 
II/3. . . 

11/24. . 
12/1 . . . 
12/1 . . . 
12/16. . 
12/16. . 
12/16. . 

2/18/38 

3/6 

3/11. . . 
3/1 I.. . 

3/29. . . 
3/29- • • 



Age (days) 

AT START OF 

inoculation 
(and no. of 

DAYS IN in- 
oculation 
period) 

Inocu- 

lation 

STARTED 

5/18/37 

13 (7) 

S/i8 

6(7) 

6/22 

13 (4) 

6/22 

13 (4)* 

6/24 

8(4) 

6/28 

6 (2) 

7/8 

8(2) 

II/2 

20 (4) 

II/2 

6(4) 

II/13 

17 (4) 

II/13 

10 (4) 

12/7 

13 (4) 

12/7 

6(4) 

12/14 

13 (4) 

1/5/3S 

20 (3) 

i/s 

20 (3) 

I/I3 

28 (2) 

3/19 

29 (2) 

3/19 

13 (2) 

4/10 

28 (2) 

4/10 

28 (2) 

4/14 

16 (2) 

4/14 

16(2) 


Incidence of iNi.i'ECTiON (killed or scarred) 

Adequate nitrogen 

Deficient nitrogen 

No. IN- 

Killed 

Scarred 

No. IN- 

Killed 

Scarred 

OCULATED 

(%) 

(%) 



OCULATED 

(%) 

(%) 

15 

0 

27 

18 

0 

6r 

18 

0 

61 

19 

95 

5 

20 

0 

10 

20 

0 

30 

10 

0 

100 

10 

10 

90 

20 

0 

25 

20 

0 

40 

20 

100 

0 

20 

100 

0 

10 

0 

100 

9 

0 

100 

16 

0 

25 

16 

0 

38 

20 

100 

0 

18 

100 

0 

20 

50 

30 




20 

100 

0 

20 

100 

0 

20 

100 

0 




20 

100 

0 




20 

95 

5 




31 

100 

0 




is 

100 

0 




16 

100 

0 




10 

90 

10 

10 

70 

30 

19 

100 

0 

20 

100 

0 

9 

II 

89 




5 

40 1 

60 




10 

33 

67 

9 

22 

78 

10 

50 

50 

9 

67 

33 


* Data in heavy type are for tests in which inoculation was applied to fresh wound. 


The dates on which the sand cultures were started and the duration of their 
treatments before the seedlings were inoculated are given in table 2. Each culture 
was continued through the inoculation period and usually for a few days there- 
after, to permit any evidences of infection to become unmistakably apparent. The 
culture crocks stood on a greenhouse bench during the experiments, except during 
the winter months when they were inclosed in a special chamber glazed with trans- 
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parent cellulose acetate film. The temperature in this chamber was kept above 
20^^ C. by thermostatically controlled electric heating cable. The day length and 
average light intensity varied according to the time of year and variations in di- 
urnal cloudiness. 

Culture OB. FUNGUS.— The Pythium used was isolated from lettuce seedlings 
showing the damping-ofi disease. It is closely similar to P. splendem (3) which 
grows over a temperature range of C., with an optimum temperature of 

about 30"^ C. The H-ion requirements of P. splendem are not reported, but the 
closely related P. debaryanum has been found to grow well from pH 5 to 7 (2), 
The fungus of the present study grew readily on potato agar, rice mush, Mehr- 
lick’s agar, or in Mehrlich’s liquid (14) . The inoculum was grown on potato agar 
or rice mush. The Pythium showed strong aerial growth on rice mush, but its 
aerial growth on 1.5 per cent agar media was much less vigorous. On stiff agar, 
and when in contact with glass, the laterals were often allantoid in shape (fig. i). 
The hyphal diameter was usually about 5.8 pt in the region where the conidia were 
borne, varying elsewhere from 1.9 to 8.2 /x. Neither zoospores nor oogonia were 
seen. The nearly spherical conidia (fig. 2) were profuse, usually terminal, with a 
diameter of 21.7-48.0 ja, usually about 37 ju- 

Inoculation of seedlings. — The technique followed for in,oculation was es- 
sentially like that described by Rathbun (18). Similar sized pieces of agar or 
rice mush about 5 mm. in diameter were cut from a plate culture of the fungus, and 
one of these was applied against one side of the hypocotyl of each of the seedlings 
to be inoculated, being left in position until the end of the test in each instance. In 
most of the tests the inoculum was applied to the hypocotyl about i cm. above the 
sand level and when necessary was supported in this position with a tiny card- 
board platform. This technique was necessary since the fungus sometimes grew 
downward through the sand to the seedling roots when the inoculum rested on the 
sand surface. 

In some instances (as indicated by the data in heavy type in table 2) the inocu- 
lation was made by slightly scratching the hypocotyl on one side with a needle and 
immediately applying the inoculum against this lesion. It was thought that this 
procedure might facilitate primary infection after inoculation, but the results were 
not very different from those secured without preliminary wounding. After in- 
oculation, the cultures were covered with bell jars, thus providing humidity to 
keep the inoculum from drying out. 

From ten to twenty seedlings were usually inoculated in each test, and the 
number subsequently killed by the disease was computed as a percentage of the 
number inoculated. When the seedlings were not killed, primary infection oc- 
curred in many cases but failed to develop beyond a small ; region close to the 
place of inoculation. In such cases the primary lesion healed, leaving a notable in- 
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fection scar which was much more pronounced than the slight scratch resulting 
from the preliminary wounding. For each test the number of seedlings thus 
scarred by incipient but abated infection was also computed as a percentage of the 
number of seedlings inoculated. These two percentages are taken as indices of the 
degree of susceptibility of the seedlings in each test (table 2). For example^ of the 
fifteen seedlings grown with adequate nitrogen supply that were inoculated on 
May 18, 1937, none were killed but 27 per cent showed infection scars; while of the 
eighteen seedlings grown with inadequate nitrogen supply and inoculated at that 
time, none were killed but 61 per cent showed the scars. 

Histological examination of seedlings. — Fresh samples of tissue were killed 
and fixed in Allen’s PFA3 solution (15) and subjected to reduced pressure. Dehy- 
dration was carried out with 50 per cent ethyl alcohol and then with butyl alcohol 
(i i) . Paraffin sections were cut 8~io ^ thick. For staining, a combination of safra- 
nin and fast green was found useful in the study of seedling tissues generally, but a 
combination of crystal violet and gold orange was especially valuable in showing 
sharp differentiation between healthy and diseased tissue, while a combination of 
magdala red and fast green served for contrast between host and parasite. 

Among the microchemical tests the following were used. For starch: iodine- 
potassium-iodide; for cellulose: {a) iodine-sulphuric acid and (h) chlor-iodide of 
zinc; for lignin: {a) phloroglucin, (&) iodine-sulphuric acid, and {c) potassium, 
permanganate;^ for cuticle and cuticularized walls: Sudan IV; for cuticularized 
walls only: iodine-sulphuric acid. Except for the test with potassium permanga- 
nate, these reagents were prepared and used according to the directions given by 
Rawlins (19). 

Results 

The results of infection of the seedlings of various ages after inoculation are 
recorded in table 2. Seedlings which succumbed to infection were counted as high- 
ly susceptible and were designated killed. Seedlings which after inoculation formed 
slight but visible scars on the hypocotyl at the point of inoculation were designated 
scarred. These seedlings, however, were considered resistant to complete infection 
by the organism if further development of the disease did not occur. Inoculated 
seedlings counted as completely resistant to infection generally showed very slight 
scars which, although not visible, became evident upon histological examination. 
This is shown in figure 5 by the darkened cell walls in the epidermal region of 
transverse section of the hypocotyl. 

From the data presented in table 2 it appears that the relative resistance to in- 
fection of seedlings of a given age varies with the season of the year. During the 
winter months seedlings were susceptible at ages at which during the summer 
months they were found to be resistant. Thus on May 18 and on June 22,13-day- 

2 Eckerson, Sophia H., Microchemistry (mimeographed). 
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old seedlings supplied with adequate nitrogen were entirely resistant to complete 
infection ; whereas on December 14, seedlings of the same age with the same nutri- 
ent treatment were 95 per cent susceptible and were killed. For the interval of 
tests from November 2 until March 19, high susceptibility prevailed for seedlings 
adequately supplied with nitrogen at ages of 6-20 days. The inociilations of 
January 13 showed complete susceptibility, amounting to death of 100 per cent of 
the seedlings as old as 28 days. On April 10, 28-day-old seedlings adequately sup- 
plied with nitrogen were only ii per cent susceptible to infection. 

With regard to the nitrogen-deficient seedlings, the meager evidence seems to 
indicate somewhat similar seasonal trends in the relative susceptibility. During 
the period from about November 2 to about March 19 these seedlings showed high 
susceptibility, which, however, decreased during the early summer period of May 
and June. 

When the nitrogen level is considered, seedlings adequately supplied with nitro- 
gen were in most cases more resistant to infection than were those with a deficient 
nitrogen supply. In those tests where death of the .seedling did not occur, the 
greater initial susceptibility of the low nitrogen seedlings is indicated by the con- 
sistently greater percentage of scarred seedlings (table 2). On May 18, for exam- 
ple, 95 per cent of the 6~day-old low nitrogen seedlings were killed, whereas none 
adequately supplied with nitrogen died. Figure 3T shows seedlings with a defi- 
cient nitrogen supply succumbing as a result of susceptibility. Figure shows 
the resistance of seedlings adequately supplied with nitrogen. 

Although this evidence is not extensive, it may warrant the conclusions: (gj 
that young seedlings were generally less susceptible to infection when grown with 
adequate nitrogen supply than when grown at a low level of nitrogen nutrition; 
(b) that seedlings of any given age were less susceptible to infection in early sum- 
mer than in winter; (c) that the degree of susceptibility of young seedlings ap- 
peared generally to decrease with increasing age; and (d) that a high degree of 
susceptibility apparently persisted to a greater age in winter than in early summer. 

That seedlings of similar age were much less resistant in early summer than in 
winter may safely be attributed to seasonal differences in their metabolism, for it 
is not reasonable to suppose that the composition of the stored seeds became effec- 
tively altered in a few months. Progressive physiological changes taking place 
with advancing age in the direction of what may be called maturation proceeded 
more rapidly in early summer than in winter, accounting for the fact that seed- 
lings remained susceptible to infection for a longer time during the wunter than 
during the summer season. Except for the influence of fluctuating cloudiness, the 
two seasonal factors most directly associated in these experiments with seasonal 
changes w^ere the changes in length of photoperiod and in light intensity. Both 
factors affect the assimilation of carbon and thereby the available energy for all 
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endothermic metabolic plant processes. It was not determined which factor was 
the more important one concerned with seasonal change in resistance. It might 
readily be expected that the use of artificial light of suitable quality, intensity, and 
duration might have rendered the winter-grown seedlings just as resistant as the 
early summer-grown ones. 

Histological examination of the hypocotyls of inoculated seedlings that had sur- 
vived, and particularly of those which had been wounded at the point of inocula- 
tion, indicated that resistance to infection was seldom or never due to failure of 
the fungus to penetrate the epidermis. In the cases examined there was always 
some penetration and spread of the fungus from the place of entrance. The spread 
of the mycelium within the tissue was often very slight (fig. 5), but it was more ex- 
tensive when clearly apparent infection scars were formed. In instances where 
seedlings survived, it was clear that some change in the host tissue near the region 
of primary penetration had occurred, and that such changes were associated with 
and perhaps the cause of the stopping of the further advance of the parasite. 

The pH values of the hypocotyl parenchyma of the seedlings grown with ade- 
quate nitrogen supply (pH S.6"S.8) were found to be generally slightly lower than 
for those with inadequate nitrogen (pH 5.8-6.0), but these pH values lie within 
the range for good growth of this Pythium, No difference was found between the 
pH values of hypocotyl parenchyma from very susceptible and from highly resist- 
ant seedlings. 

Microchemical tests showed accumulations of considerable starch in the hypo- 
cotyls of the low nitrogen seedlings but no such starch accumulation in similar 
tissues of those adequately supplied with nitrogen. The mere presence of starch 
was not necessarily directly correlated with susceptibility, however, because low 
nitrogen seedlings were found to contain starch even after they had gained a cer- 
tain degree of resistance with increase in age. The accumulation of starch in the 
low nitrogen seedlings was to be expected, since this phenomenon is a common 
occurrence in many other species of plants, accompanying a low rate of nitrogen 
assimilation (16, 17). 

Hypocotyls of highly resistant seedlings were killed by freezing, heating, or 
treatment with strong alcohol, and after inoculation were found to support vig- 
orous growth of the fungus used in this experiment. Hyphae were found to have 
penetrated throughout the dead host tissue, thus suggesting that resistance to in- 
fection ceases when the hypocotyl is killed and that resistance depends upon the 
activity of living cells— or at least upon features no longer effective after their 
death. 

By means of transverse sections cut i cm. above the sand level, uninoculated 
hypocotyls of healthy young seedlings— like those found to be highly susceptible 
to infection— were compared with uninoculated hypocotyls of older seedlings, 
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such as those found to be highly resistant. Except for size they were very similar, 
and every type of tissue present in the older hypocotyls was already present in 
the younger ones (fig. 4). Average wall thickness in the fundamental tissues was 
the same in both cases— about 0.5 jt. 

The thickness of the outer epidermal walls, including the cuticle, had apparently 
decreased slightly with increasing age of the seedlings; in the younger seedlings 
these walls were about 2.0 fx thick (fig. 6), whereas they were only about 1.5 
thick in the older seedlings (fig. 7), perhaps owing to stretching without corre- 
sponding thickening. The cuticle was of the same thickness in both cases— about 
0.5 ju. The outer cell walls themselves were composed mainly of cellulose but were 
slightly cuticularized. The cuticle showed no cellulose reaction. Figures 8 and 9 
illustrate the penetration of the fungus into epidermal cells of the hypocotyl of a 
susceptible and of a resistant seedling, respectively. It therefore appeared that the 
high degree of resistance which characterized the older hypocotyls in contrast to 
the younger ones was not due to any maturation change in either cuticle or epi- 
dermal walls. In resistant hypocotyls, as has been said, hyphae from the inoculum 
penetrated somewhat beyond the epidermis (figs. 10, ii), even when no obvious 
scar resulted, and they were found to have advanced through several cell layers 
in cases where scars were to be found; but in such cases the spread of the initial 
infection soon ceased. In highly susceptible hypocotyls the mycelium spread rap- 
idly through the fundamental tissue of the host. 

Further examination of the diseased seedling tissue indicated the probable 
means by which resistance to infection occurred. When microchemical tests for 
lignin were applied to transverse sections cut through the infection scars, lignili- 
cation was shown to be much more prevalent beneath and around the tissue of the 
lesion than elsewhere, suggesting that the spread of the fungus might in these 
cases have been limited by a barrier of lignified cells. In no case were hyphae seen 
to have penetrated through lignified regions of cell walls, although they did 
through nonlignified portions (figs. 12-14). It was not unusual to find hyphae 
growing in contact with lignified regions of walls as if unable to penetrate them 
(figs. 1 7“ 1 9). The importance of cork formation in the tissues beneath a lesion in 
tobacco seedlings has been emphasized by Conant (5), who found that such tissue 
changes occurred more rapidly in varieties highly resistant than in others highly 
susceptible to infection by Thielmia hasicola. 

The prevalence of lignification in the region adjacent to the scar in the hypo- 
cotyl of a resistant seedling grown with adequate nitrogen is shown in figure 15. 
This extensive lignification, however, indicated in the figure by the blackened por- 
tions of the walls, was not accompanied by any thickening of the w^alls so af- 
fected. Figure 16 shows the infected area of the hypocotyl of a young high nitrogen 
seedling which was in an advanced stage of infection. Lignification of walls was 





Figs. 6-20. — Fig. 6, epidermal ceil of 6-day seedling. Fig. 7, of 17-day seedling. Fig. 8, fungus pene- 
tration of epidermal cell; hypocotyl of 6-day susceptible seedling. Fig. 9, fungus penetration of epidermal 
cell of hypocotyl of 30-day resistant seedling. Figs. 10, ii, fungus penetration in parenchymatous tissue. 
Figs. 12-14, same of unlignified portions of parenchymatous tissue; lignification shown as solid black. 
Fig. 15, transection of hypocotyl of 30-day resistant seedling grown with adequate nitrogen after wound- 
ing and inoculation. Fig. 16, hypocotyl of 7-day seedling susceptible after inoculation; adequate nitro- 
gen. Figs. 17-19, fungus hyphae in contact with lignified cell wails. Fig, 20, hypocotyl of diseased 
30-day low nitrogen seedling. 
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incomplete. Likewise ligiiification of cell walls in the tissues of low nitrogen setxl- 
lings was not so rapid or so complete in response to inoculation as that (x'curring 
in the tissues of resistant seedlings adequately supplied with nitrogen, higure 20 
is a transverse section of the hypocotyl of a 30-day-old, low nitrogen sec^dling 
susceptible to infection and shows incomplete lignitication of c*ell walls ami ab- 
sence of a continuous lignilied barrier. Fungus hyphae, althoiigli not shown in 
this figure, were seen throughout the tissue of this region. 

Many observations of this sort led to the conclusion that the resistance w-hicli 
occurred in the hypocotyls of the seedlings was associated with the formation of 
lignin barriers and that such barriers were of a nature effectually to prevent fur- 
ther spread of the parasite through the host tissues. Whether such lignifiiaition 
barriers constituted the principal cause of resistance to the invasion througli the 
tissues, or were formed concomitantly as a result of other changes in metabolism 
which rendered the seedlings resistant, cannot be definitely stated. The known 
fact that lignin is markedly resistant to enzymatic digestion, however, lends sup- 
port to the belief that the mere development of a well-developed barrier of lignin 
would be sufficient effectually to limit the rapid spread of this organism. The for- 
mation of such lignin barriers in the tissues appeared to be favored by adequate 
nitrogen nutrition of the seedlings. 

No such complete or nearly complete lignification of cell walls of the funda- 
mental parenchyma was seen in sections from uninoculated hypocotyls that had 
not been wounded; and sections from badly infected hypocotyls, where spread of 
the fungus had not been restricted, showed little lignification and no such barriers. 
But sections of hypocotyls wounded with a sterile needle and not inoculated showed 
pronounced lignification barriers similar to those resulting from limited infection. 

It appears that the capacity for this lignification response to fungus infection, 
a response apparently protective in its results, is related to physiological matura- 
tion of the tissues involved and that the hypocotyl tissues at the region of inocula- 
tion developed that physiological capacity more rapidly and sooner when the 
plants were grown with an adequate nitrogen supply and with long photoperiods 
of high light intensity levels than at a low nitrogen level or with short pliotope- 
riods of low light intensity levels. 


Discussion 

As indicated in this study, if resistance to infection is associated with and per- 
haps significantly dependent upon rapid lignification of cell walls surrounding the 
region of inoculation, it becomes of interest to consider how the factors found to 
be associated with relative resistance .(level of nitrogen nutrition, age of seedlings, 
and season of yea,r) are related to the rate of cell-wall lignification. 

The (lepositio.n in cell walls of lignin, a carbohydrate derivative, is dependent. 
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upon the presence of an adequate tissue content of available carbohydrate (21). 
During the days of low light intensity in the winter season, carbohydrate synthesis 
is at a relatively low plane. The rate of lignification was found to be low, and like- 
wise the susceptibility to infection during this season of the year was found to be 
greater than during the late spring or early summer. 

With regard to the increasing resistance to infection with increasing age of 
seedlings, it may be emphasized that— beginning with germination and during 
early growth — there is at first a decrease in the level of carbohydrate available for 
growth. This proceeds until, with the increasing efiiciency of the photosynthetic 
mechanism, the seedling becomes independent of stored carbohydrate. This 
change takes place more rapidly with adequate than with a low light intensity and 
may account for the increase in resistance with advancing age and the differences 
in the ages at which the seedlings become resistant at different seasons of the 
year. In view of this explanation of resistance, it might be questioned why the 
seedlings grown with a low plane of nitrogen nutrition showed greater suscepti- 
bility to infection than those grown with an adequate nitrogen supply. 

It is known that with a low level of nitrogen nutrition, carbohydrates accumu- 
late as a result of their restricted use in the formation of organic nitrogenous com- 
pounds. On the other hand, lignin, and cellulose as well, are secretion products of 
protoplasm. When this secreting system is limited in extent or in activity 
as a result of a low plane of nitrogen assimilation, the rate of lignilication 
may also be retarded as compared with that in tissues where the plane of 
nitrogen nutrition is on a somewhat higher level. This may therefore account for 
the relatively greater susceptibility to infection of the seedlings grown with a de- 
ficient than with an adequate nitrogen supply. 

The particular level of nitrogen nutrition which would be associated with the 
maximum degree of resistance to infection was not determined. This level would 
undoubtedly vary from season to season and be dependent upon the several fac- 
tors which, taken together, affect either the assimilation of nitrogen or the synthe- 
sis of carbohydrates and upon which may depend the capacity of tissues to re- 
spond to infection and wounding, by the process of cell-wall lignification. 

Summary 

Cucumber seedlings were grown in sand culture at high and low levels of nitro- 
gen nutrition during several different seasons of the year. The seedlings were arti- 
ficially inoculated at different ages with a fungus of the Pythium causing the 
damping-off disease, and the relative resistance or susceptibility to infection 
noted. The more important results are as follows: 

1. Young seedlings were more susceptible to infection than older ones. 

2. Seedlings grown under the relatively poor light conditions of winter re- 
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mained susceptible to infection for a longer time than those grown under the good 
light conditions of late spring and early summer. 

3. Seedlings grown with no external supply of nitrogen remained susceptible 
to infection for a longer time than seedlings supplied with a complete nutrient 
solution containing nitrogen. 

4. Resistance to infection w^as accompanied by a deposition of lignin in the cell 
walls of the tissue surrounding the area of infection. Susceptibility to infection 
was accompanied by the incompleteness or absence of such cell-wall lignilication. 
It is suggested that such lignification, when continuous, may serve as a barrier in 
preventing spread of the fungus. 

5. Deposition of lignin was found to be a function of living parenchymatous 
cells and occurred in the vicinity of a wound or fungus infection. In a healthy 
plant these cells did not become lignified. 

Agricultural Experiment Station 
New Brunswick, New Jersey 
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PHOTO-PERIODIC AFTER-EFFECTS IN SIX COMPOSITES^ 

VICTOR A. GREULACH 
(with five figures) 

Introduction 

Photoperiodic after-effects were discovered in Cosmos bipimiatus by Garner 
and Allard (3) and have since been observed in several other species of com- 
posites. Biddijlrh (i) found that when plants of the Klondike variety of C. suU 
phureus were transferred from short to long photoperiods, anomalies devcloj)ed, 
including change from opposite to spiral phyllotaxy, elongation and foliation of 
bracts, abortive buds, twin flower heads, and elongated internodes in the region of 
the involucral bracts. Garner and Allard did not describe such structures for 
C. bipinnatus. Murneek (7, 8) found that when Rudbeckia plants were transferred 
from long to 7-hour photoperiods some plants failed to bloom; some formed the 
usual type of flower heads (except that these were either sessile or borne on short 
peduncles, the plants remaining in the rosette condition); and some bore ‘Vegeta- 
tive flowers’^ with green petals and more or less vegetative stamens and pistils. 

In an effort to determine whether similar photoperiodic after-effects occur in 
certain other species of composites, experiments were conducted on Cosmos bipin- 
natus Cav., C. sulphurous Cav. (Orange Flare variety), Rudbeckia hiria L., Matri- 
caria parthenoides Desf., Centaurea cyanus L., and Coreopsis tinctoria Nutt. Both 
species of Cosmos were found by Garner and Allard (3) to be short-day plants. 
However, the Orange Flare variety of C. sulphurous^ unlike the Klondike variety, 
is not strictly a short-day plant. Roberts and Struckmeyer (12) reported that 
it acted as a short-day plant in cool temperatures and as an intermediate or 
neutral plant at higher temperatures, blooming under both long and short photo- 
periods. The species of Rudbeckia have generally been classed as long-day plants, 
but Roberts and Struckmeyer (ii) found that under low night temperatures 
R. laciniata formed flower buds after a relatively long time. The other three 
species were reported by Poesch and Laurie (9) to be long-day plants. 

Methods.— A ll plants were maintained in soil in porous clay pots. Four or five 
replications were made of each treatment, a total of 786 plants being use<i. All 
seeds germinated, and the seedlings began growth under pliotoperiods unfavorable 
for the initiation of flower primordia, that is, under long photoperiods for the two 
species of Cosmos and under short photoperiods for the other four species. Induc- 
tion treatments were begun 28 days after planting, short induction photoperiods 

* Papers from the Department of Botany, Ohio State University, no. 436, 
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being employed for the two species of Cosmos and long ones for the other species. 
After exposure to one induction photoperiod, four or five plants of each species 
were returned, for the duration of the experiments, to photoperiods not favoring 
the initiation of floral primordia. A second set of plants of each species was ex- 
posed to two, a third set to three, induction photoperiods, and so on, the maximum 
number being 20 for Cosmos bipinnatus, C, sulphurous, and Centaurea cyanus, and 
30 for the other three species. One set of plants of each species was retained under 
photoperiods unfavorable for the initiation of floral primordia and another set 
under photoperiods of the length used in the induction treatments, throughout the 
experiments. 

The experiments were conducted at Columbus, Ohio. They were begun May 18 
and concluded September 3, 1939, unless otherwise noted. The plants were started 
in the greenhouse but were kept outside during the major part of the time. The 
long photoperiods, 15 or more hours, were secured by employing the natural 
photoperiod, either alone or supplemented with Mazda lamps. The short photo- 
periods, 9 hours in length, were secured by means of ventilated light-proof cabi- 
nets. The temperature differences between the inside and the outside of the cabi- 
nets were too small to have any significant influence on the development of the 
plants. The temperature during the experiments ranged between 6 c^ and 90'^ F., 
except for a few brief periods, the mean temperature being F. 

Results 

Cosmos bipinnatus. — By July i, 45 days after planting, flower buds were evi- 
dent on plants exposed to 9 and to 12 or more short photoperiods. An thesis first 
occurred on July 9 on one plant exposed to 13 short photoperiods and on one ex- 
posed to 14. From then until August 14, one or more plants bloomed daily, with 
interruptions of only a day or two. Blooming was confined mostly to plants ex- 
posed to 12 or more short photoperiods, but single fl.ower heads developed on one 
plant each in the groups exposed to 5, 6, and 10 short photoperiods, two heads on a 
plant exposed to 9 short photoperiods, and three on a plant exposed to 8 short 
photoperiods. Flower buds developed on a number of other plants but failed to 
open by the termination of the experiment, August 26. Fruits developed on plants 
in all groups exposed to 12 or more short photoperiods. 

At the time of the last transfer from short to long photoperiods there was 
marked though somewhat uneven gradation in the height of the plants, those ex- 
posed to greater numbers of short photoperiods being smaller. Once under long 
photoperiods, all plants began growing rapidly; but the plants exposed to greater 
numbers of short photoperiods were smaller at the end of the experiment, not only 
because of their delayed start but also because their growth was checked by the 
formation of terminal flower buds. 
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Reproductive-vegetative interphases, often more extreme than those observed 
in C. sulphureus by Biddulph (i), occurred in abundance. The first anomaly to 
appear was lengthening of the lower cycle of involucral bracts. These are usually 
I cm. or less in length in this species, but bracts as long as 9 cm. were formed. The 
longer bracts were often highly lobed and even foliaceous, but simple bracts 5-6 
cm. long were not uncommon. Although there was little relation between maxi- 
mum bract length and number of short photoperiods to which the plants were 
exposed, both the average and minimum bract lengths were less in the plants 
exposed to greater numbers of short photoperiods. 


Fig. 1. — Representative floral modifications in Cosmos bipinnatus, August i. Numbers refer to 
number of short photoperiods to which plants had been exposed. From left to right the specimens repre- 
sent: flower head with elongated bracts (one separated from the others by stem elongation); two with 
elongated bracts in a whorl some distance below' the head, bracts of first one being incised; bracts elongat- 
ed but not separated from head; bracts elongated and scattered, with reversion to vegetative growth; 
bracts only slightly elongated and in usual position. 


In about 60 per cent of the plants, internodal elongation occurred between the 
flower head and the lower cycle of involucral bracts. This occurred later than 
bract elongation and only below heads with elongated bracts. The length of this 
internode varied from less than i cm. to 27 cm. At first such elongation occurred 
only in plants exposed to 9 or fewer short photoperiods, but eventually was found 
in the plants exposed to more than 9 short photoperiods. In some plants the bracts 
were in a perfect whorl (figs, i, 2); in others only one or a few bracts were sepa- 
rated from the rest (fig. 2) ; in others stem elongation occurred between all bracts, 
resulting in a spiral arrangement. Some of the bracts were decurrent, and later in 
the experiment many divided bracts were formed. The earlier ones had only a few 



Fig. 2.— Representative floral modifications in Cosmos bipinnatus^ August 17. Numbers indicate 
number of short pliotoperiods to which plants had been exposed. Elongated bracts shown in all the 
groups: some are adjacent to flower bud or head (ii, two to right in 18-day group), some are arranged 
in whorl some distance below it (9, 10, 15, 19), and some are arranged spirally or irregularly spaced (9, 
II, 14, 16). While many bracts were entire (10, ii, 18), others became incised and more orlessfoliaceous 
(9, 15, 17, 19), Some flower heads w^re asymmetrical and distorted (13, 17), and some flower buds were 
abortive ( 1 1, 14). In a few plants reversion to vegetative growth occurred (9). 
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lobes, but later many foliaceous bracts — resembling ordinary cosmos leaves in the 
complexity of their incision — were formed. 

Small abortive flower buds, some barely visible, developed as the plants grew 
older. These were almost always subtended by long simple bracts not separated 
from the stem by internodal elongation (fig. 2). There were also some very small 
flower heads, or heads containing only a few ray flowers, some of which were 
foliaceous. There were no twin flower heads such as reported by Biddulph for 
C. sulphureus. 

Actual resumption of vegetative growth occurred in several plants from ter- 
minal flower buds after the lower cycle of bracts had been formed, these usually 



Fig, 3. — Portion of Cosmos bipinnatus plant, August 17, which had been exposed to 5 short photo- 
periods and on which a flower bud began forming at point where lowest bracts are located. Arrow points 
to single pink petaloid structure which formed before reversion to vegetative development. Later a re- 
version to reproductive development occurred, two flow'er buds lacking the lower set of bracts forming. 
One of these bloomed later. 

being elongated and compound. The new stems had unusually short internodes, 
and the leaves were mostly alternate rather than opposite — as is usual in cosmos. 
On one plant exposed to 5 short photoperiods a flower bud formed about the 
middle of July but soon reverted to vegetative growth. One of the bracts of the 
lower cycle which had been formed was unusual in that it had one lobe which was 
pink, like the petals of this variety (fig. 3). The new stems not only had short 
internodes but were also highly branched, and the leaves were imusually small and 
finely divided. About August 7 two small flower buds, both lacking the usual 
lower cycle of bracts, formed on these stems. Their development was unusually 
slow, but on August 26 one finally opened into a small but' symmetrical flower."',, 
head. The other bud had not opened by the end of the experiment. ' Blower buds " 
did not form on any of the rejuvenated branches of the '.other plants. ' ' 

The general order of appearance of the various anomalies was as follows: bract " 
elongation, internodal elongation, incision of bracts, defective 'flower heads, 'abor- 
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tive budSj and reversion to vegetative growth. These usually appeared earliest in 
the plants exposed to the fewer numbers of short photoperiods and appeared in 
increasing abundance and extremity of modification with time. 

Cosmos sulphureus. — This experiment extended from June 17 to August 24. 
Blooms first appeared on August 10, on plants exposed to 8, 9/11, and 12 short 
photoperiods; and by August 14 even plants exposed to as few as 3 short photo- 
periods were blooming. Plants exposed to 3 or more short photoperiods continued 
to bloom in considerable abundance, but not so extensively as those retained under 
short photoperiods, which began blooming August i and bloomed profusely until 
the end of the experiment. Plants exposed to 2 short photoperiods first bloomed 
August 21, and on August 16 a single bloom appeared on a plant exposed to one 
short day. On August 20 and again on August 23 a plant retained under long 
photoperiods bloomed. None of the plants had anomalous bracts or floral modifi- 
cations. The effect of the short photoperiods on the height of the plants was simi- 
lar to that in C. hipinnatus. 

Rudbeckia hirta.— On July 20, 63 days after planting, all plants exposed to 29 
or fewer long photoperiods were still rosettes, although those exposed to 9 or more 
long photoperiods had somewhat larger leaves than the others. The plants ex- 
posed to 30 long photoperiods were beginning to form peduncles, and those re- 
tained under long photoperiods were developing elongated stems. Flower buds 
were forming on plants of both these groups. On August 9 one plant exposed to 30 
long photoperiods and one retained continuously under long photoperiods 
bloomed. By August 17 all plants retained under long photoperiods and two ex- 
posed to 30 long photoperiods were blooming, and a small flower head had formed 
on one plant exposed to 24 long photoperiods. By August 26 all plants exposed to 
30 long photoperiods, two exposed to 27, and one each exposed to 23, 24, 26, 28, 
and 29, were blooming. A ^Vegetative flower” had developed on a plant exposed 
to 17 long photoperiods, a number of these also being present on other plants 
which had the usual type of flower heads as well. By the end of the experiment on 
November 4, plants exposed to 17, 23, 24, and 26 or more long photoperiods had 
bloomed, although the plant exposed to 17 long photoperiods bore only the single 
vegetative flower previously mentioned. 

Only the plants retained continuously under long photoperiods developed the 
usual tall stems present in blooming plants of this species; they averaged 43.5 cm. 
in height. The other plants remained in the rosette condition (fig, 4) . Those which 
bloomed usually had short peduncles, but one plant each in the groups exposed to 
23 and 29 long photoperiods had sessile flower heads. The peduncles ranged in 
height from 2.0 to 16,0 cm., averaging 6.7 cm. Although the i6-cm. peduncle was 
developed by a plant exposed to 30 long photoperiods, there was no definite corre- 
lation between the number of long photoperiods and the lengths of the peduncles. 


I'iGS. 4, 5. figures indicate number of long photoperiods to which plants were exposed, log. 4 
(above), representative plants of Rudbeckia hirta, September i. C, plant retained under long |>hoto- 
periods after 28 days from planting. Leaves of plants exposed to long photoperiods are elevated more 
than those of plant retained under short photoperiods. Two small ‘Vegetative flowers” visii,)Ie (below 
the large flower head, formed earlier) on plant exposed to 30 long days. Fig. 5 (below), representative 
groups of Matricaria parthenoides plants, August i, showing greater size of those exposed to greater 
numbers of long photoperiods, and dead control plants retained continuously under short photoperiods. 
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The plants which failed to bloom also lacked macroscopic flower buds, but some 
had elevated rosette leaves, described as evidence of photoperiodic induction by 
Mupneek, (8). 

Matricaria parthenoides. — Short photoperiods had a definite inhibiting ef- 
fect on the vegetative development of plants of this species. By July 20 the set of 
plants retained continuously under short photoperiods had grown very little. 
There was a general increase in size of the plants exposed to long photoperiods 
with an increase in the number of these induction photoperiods. These inequali- 
ties gradually became less apparent, and eventually some of the plants exposed to 
intermediate numbers of long photoperiods developed leaves as large as those on 
plants exposed to the greater numbers. The plants retained continuously under 
short photoperiods failed to grow beyond a certain stage, however, and between 
July 20 and 30 all four plants of this group died (fig. 5). Their maximum height 
was 1.5 cm., measuring from the soil line to the tips of the leaves, while at the same 
time plants exposed to long photoperiods ranged from 5 to 20 cm. in height. Even 
the plants exposed to only one long photoperiod thrived. 

By September i all the plants retained continuously under long photoperiods 
were blooming, and all had elongated stems averaging 31 cm. in height. All the 
other plants were still rosettes, and there was no evidence of flower buds on any of 
them. During September, plants in the groups exposed to 10 and 15 long photo- 
periods bloomed, and one plant exposed to 13 long photoperiods finally bloomed 
on November 2. None of the other plants bloomed, and none had flower buds or 
elongated stems. Blooming never occurred in this species without previous stem 
elongation, and none of the flowers was unusual in structure. 

Centaurea cyanus.— Between July 20 and 24 the plants retained continuously 
under long photoperiods and one plant exposed to 20 long photoperiods were ex- 
hibiting stem elongation, and by July 31 flower buds were present on all of them. 
On August 10 a flower bud appeared on a plant exposed to 17 long photoperiods, 
but this never opened. The flower head on the plant exposed to 20 long photo- 
periods was small and unsymmetrical. The plants retained under long photo- 
periods began blooming August 15 and continued to bloom in the usual manner. 
At this time one plant each in the groups exposed to 5, 7, and 10 long photo- 
periods, and most of the plants exposed to 12 or more, had elongated stems 6-16 
cm. in height. These stems were unusually thick and fleshy. The plants retained 
continuously under long photoperiods had stems averaging 36.5 cm. in height. 
By the close of the experiment on October 3, plants exposed to 10, 12, 13, and 15 
long photoperiods had bloomed. All plants which bloomed had elongated stems. 

Coreopsis tinctoria. — During the last week in July stem elongation began in 
the plants retained under long photoperiods, and buds began appearing on these 
plants August 2. By this date stem elongation was also occurring on a single 
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plant of the groups exposed to i8, 19, 23, 25, 28, and 30 long photoperiods. The 
plants retained under long photoperiods began blooming August 17 and continued 
to bloom profusely until the end of the experiment on September 3. One flower 
bud opened on August 24 and two on August 26 on a plant exposed to 18 long 
photoperiods, but no further anthesis occurred on this plant. Before the termina- 
tion of the experiment, plants exposed to 23, 24, and 27 or more long photoperiods 
had also bloomed sparsely. Stem elongation was evident in one plant exposed to 4 
long photoperiods, two exposed to 9, one exposed to 18, and in one or two plants 
of each group exposed to 20 or more long photoperiods. All plants retained under 
long photoperiods had elongated stems averaging 85 cm. in height, in comparison 
with 40 cm. for plants returned to short photoperiods. Only plants with elongated 
stems bloomed, and no unusual floral structures developed. 

Discussion 

After a plant has initiated flower primordia or a particular type of vegetative 
development under the influence of certain photoperiods (photoperiodic induc- 
tion) and then is transferred to photoperiods not favorable for the initiation of 
such development, one of two things — or intergradations between them—may 
occur. The development may continue as a photoperiodic after-effect, or it may be 
inhibited (photoperiodic inhibition). When flower primordia are thus inhibited the 
plant may become rejuvenated; that is, vegetative development may be resumed. 
These phenomena should not be confused with what may be termed **obligatory 
photoperiodic change,” that is, the fact that in some species the photoperiods 
favoring the initiation of flower primordia are different in length from those neces- 
sary for the continuation of reproductive development (5), or with ^‘photoperiodic 
vernalization” (10), in which photoperiods of a certain length favor the initiation 
and completion of reproduction but must be preceded by photoperiods of a dif- 
ferent length or some other vernalizing agent which favors production of “ripeness 
to flower.” 

In the present study photoperiodic after-effects were evident in all six species, 
as indicated by the formation of flower buds, flower heads, and in some species 
fruits, following transfer of the plants to photoperiods not favoring the initiation 
of flower primordia from photoperiods favoring such initiation. These after-effects 
were much less extensive and occurred only after exposure to a greater number of 
induction photoperiods in the long-day than in the short-day species. This may 
eventually be found to be a more or less general difference between long- and short- 
day species. Although Hamner and Naylor (4) observed after-effects in dill 
plants exposed to only a few long photoperiods, Murneek (8) later pointed out 
that dill will eventually reproduce under short photoperiods and should conse- 



GREULACH— PHOTOPERIOD 


707 


1942] 

quently be considered a neutral or intermediate rather than a true long-day spe- 
cies. 

Short photoperiods retarded the vegetative growth of both the long- and short- 
day species studied. This was most extreme in Matricaria, marked stunting and 
subsequent death occurring in the plants retained continuously under short photo- 
periods, while plants exposed to even one long photoperiod thrived, although they 
did not become so large as those exposed to more long photoperiods. There was no 
clear case of the persistence of short-day inhibition of vegetative growth as an 
after-effect. Although the independence of photoperiodic after-effects as regards 
flower formation and photoperiodic inhibition of stem elongation reported by 
Murneek (7, 8) for Rudbeckia was evident in i?. hirta in this study, it did not 
occur in any of the other long-day species and obviously could not occur in the 
short-day Cosmos plants. In these other long-day species stem elongation oc- 
curred in some of the plants exposed to greater numbers of long induction photo- 
periods and may be considered a photoperiodic after-effect. Although these stems 
were not so tall as those of plants retained continuously under long photoperiods, 
only plants with elongated stems bloomed. Apparently stem elongation and 
flower-head formation are not independent in all long-day composites. 

The vegetative flowers of Rudbeckia and the anomalous bracts and flower heads 
of Cosmos bipinnatus may be considered as evidence of partial reversion to vegeta- 
tive development (rejuvenation), while in the latter species actual resumption of 
vegetative growth from flower buds occurred in some plants. This is in the same 
category as the rejuvenation of hemp observed by Schaffner (13). The anoma- 
lous structures in C. bipinnatus represent a graded series of reproductive-vegeta- 
tive interphases: elongation of bracts, stem elongation between bracts, incision 
and foliation of bracts, formation of defective flower heads and abortive buds, and 
finally actual resumption of vegetative growth from the flower bud. Except for the 
vegetative flowers of Rudbeckia, no such interphases occurred in the other species. 
Their absence in Cosmos sulphurous was evidently due to the fact that long photo- 
periods in conjunction with relatively high temperatures are favorable for repro- 
ductive development in the Orange Flare variety used. In view of the scanty 
after-effects in Matricaria, Coreopsis, and Centaurea, numerous interphases might 
be expected, but none occurred. This seems to indicate that such interphases are 
not produced by all species of composites. 

Since the anomalous bracts and flower heads in Cosmos bipinnatus Qccmxtd. 
earliest in the plants exposed to the smallest numbers of short photoperiods and 
became more pronounced with time, they tend to add weight to Chailakhian’s 
(2) theory of florigen charge— that during induction a charge of florigen accumu- 
lates and is gradually used after transfer to photoperiods not favorable for initia- 
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tion of primordia. They would be more difficult to explain if we accept the theory 
(6) that during induction there is a permanent change in metabolic processes 
which makes possible the continuation of florigen synthesis, even after transfer. 

Since the short induction photoperiods greatly increased the abundance and 
earliness of bloom in the Orange Flare Cosmos^ apparently it should not be con- 
sidered a strictly neutral or intermediate plant at high temperatures, even though 
it can initiate flower primordia under both long and short photoperiods at such 
temperatures. In this variety short photoperiods are more effective than long ones 
in initiating flower primordia, even at higher temperatures. 

Summary 

1. Photoperiodic after-effects were observed in two short-day species {Cosmos 
bipinnatus^ C. sulphur eus) and four long-day species {RtulbeiMa hirki , Matricaria 
parthenoides, Centaurea cyanus, Coreopsis iincloria). Twenty-eight days after 
planting the seed, the plants being kept under photoperiods unfavorable for repro- 
ductive development, they were subjected to from i to 20 or 30 induction photo- 
periods of a length which favored initiation of flower primordia. They were then 
transferred to photoperiods not favoring such development and retained there for 
the duration of the experiments. 

2. In Cosmos hipinnatus an thesis occurred in some plants exposed to S~ii 
short photoperiods, and in abundance in all plants exposed to 1 2 or more short 
photoperiods. In the Orange Flare variety of C. sulphureus even the plants re- 
tained continuously under long photoperiods eventually bloomed sparsely , but the 
abundance of flowers increased with an increase in the number of short induction 
photoperiods. Plants of the long-day species Rudbeckia hirta^ Matricaria parihe- 
noides, Centaurea cyanus^ and Coreopsis tinctoria bloomed sparsely after exposure 
to minima of 17, 10, 10, and 18 long photoperiods, respectively. 

3. Photoperiodic inhibition of stem elongation by the short photoperiods of the 
transfer environment occurred in R. hirta, even in the plants which bloomed. In 
the other three long-day species such inhibition of stem elongation was not uni- 
versal, and only plants with elongated stems bloomed. 

4. The short photoperiods inhibited the vegetative growth of both the long- and 
short-day species. In Matricaria the plants retained continuously under short pho- 
toperiods reached a total height of only 1.5 cm. and soon died, while plants ex- 
posed to as little as one long photoperiod thrived. 

5. Reproductive-vegetative interphases, which may be considered as initial 
stages in rejuvenation, occurred in two species. A number of ‘Vegetative flowers'" 
with green petals and more or less vegetative stamens and pistils developed on 
plants of Rudbeckia hirta. In Cosmos bipinnatus there were many elongated bracts, 
incised and foliaceous bracts, elongated internodes between' bracts, and defective 



GREULACH—PHOTOPERIOD 


709 


1942] 

flower heads and abortive buds. Some plants of this species actually resumed 
vegetative growth from young flower buds. One plant exposed to $ short photo- 
periods made a double reversal in its terminal bud, changing from vegetative to 
reproductive growth, back to vegetative growth, and once more to reproductive 
growth. 

The writer is indebted to Dr. B. S. Meyer of the Ohio State University for 
helpful suggestions during the progress of this investigation and for criticism of the 
manuscript. 

University of Houston 
Houston, Texas 
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INTERRELATION OF ORGANIC MATERIALS IN THE 
GROWTH SUBSTANCE RESPONSE 

S. C. BAUSOR 
(with rouK figures) 

Introduction 

The manner in which growth substances influence cellular activity is one of the 
more pressing problems in plant physiology. The diverse effects induced liy these 
substances and the low concentrations in which they are effective suggest that 
their function may be regulatory, but not in a specific way. At least no single 
effect can be ascribed to them. The response is of a general nature, and normal 
cellular activities are accelerated or depressed. Mature cells may be rejuvenated 
to renewed activity, their relation to neighboring cells and tissues may lie altered, 
and they may assume embryonic qualities such as enlargement, incTement in 
protoplasmic content (especially marked in the nucleus) , and mitoses. 'Phis chain 
of events is often followed by organization of new structures such as roots or 
shoots, or merely galls, some of the cells of which may mature as vascular strands. 
Occasionally mature cells do differentiate, or differentiate differently from normal, 
as in certain parenchymatous cells of the pith described later which become reticu- 
lately thick walled. Apparently the key to the problem of senescence is to be 
found in the reaction of the growth substances. 

Literature review 

The object of the present work was to determine the histological and cytological 
changes resulting from the interaction of growth-regulating substances and nutri- 
ents supplied to cuttings. Many researches have already appeared which shed 
some light upon the role played by growth-regulating substances in the metabo- 
lism of the plant. 

There is considerable increase in water content in tissues affected by growth 
substances. Stuart (29) reported an increase in fresh weight of bean cuttings ac- 
companied by an increase in pectic compounds, when treated with indoleacetic 
acid in lanolin, and Mitchell (16) found an increased percentage of water in re- 
gions of bean plants treated with lanolin mixtures of naphthaleneacetic acid or 
the amide. 

In respect to dry matter, Mitchell and Hamner (17) found an increase in dry 
weight of beans treated with application of high dilutions of indoleacetic acid in 
lanolin. On the other hand, with high concentrations of growth substance less or- 
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ganic matter was synthesized than in the controls, according to the researches of 
Alexander (1) using indoleacetic acid and Mitchell (16) comparing naphtha- 
leneacetic acid and naphthalene acetamide. Mitchell, however, discovered that 
the nitrogen content was appreciably higher in the treated plants than in the con- 
trols, but the distribution of the nitrogen was different with respect to the two 
compounds. The gall formed at the decapitated apex in plants treated with 
naphthaleneacetic acid contained about a third of the total nitrogen, but in the 
case of the acetamide, where lignification is a characteristic response (13), only 
slightly more nitrogen accumulated in the apical region than in the controls. 

Another effect of the growth substances is the mobilization of materials toward 
the regions of vigorous growth and a redistribution of storage materials in the 
plant. The accumulation of nitrogen in the apical gall just mentioned is a case in 
point. Alexander (i) found a similar movement of carbohydrates toward the 
apical swelling and an accumulation of starch below it. Mitchell and Martin 
(19) indicated that the direction of flow of materials from the cotyledons of etio- 
lated bean plants was determined by indoleacetic acid. 

Stuart and Marth C30) observed an accumulation of sugars in the stems of 
Ilex opaca cuttings when treated with indolebutyric acid. Borthwick, Hamner, 
and Parker (5) showed by microchemical tests an increase in proteins and a de- 
crease in starch in regions of the tomato stem where cell divisions were initiated 
by indoleacetic acid. Starch accumulated below this region. 

Stuart (29) showed the mobilizing effect of indoleacetic acid upon bean cut- 
tings up to the time of root emergence, in which the rate of movement of materials 
from the leaves to the hypocotyl was greatly accelerated. Dry weight, nitrogen 
content, and pectin increased in the hypocotyls over the controls. Sugars at first 
accumulated faster in the hypocotyls of the treated plants but later became less 
than in the controls. After root emergence, Mitchell and Stuart (20) found that 
nitrogen decreased in hypocotyls of experimental and control plants, but much 
more rapidly in the former. They concluded that indoleacetic acid affected the 
proteolytic enzymatic action. 

Mobilization seemed to be effected through the action of the growth substances 
on the enzymatic system. Mitchell, Kraus, and Whitehead (18) showed that 
naphthaleneacetic acid sprayed upon the leaves of kidney bean plants hastened the 
hydrolysis of starch and dextrins in the leaf. Sugars accumulated at first but later 
fell to the level of the controls. Leaves depleted of starch and dextrins by being 
kept in the dark accumulated less starch, dextrins, and sugars when placed in the 
light and sprayed than did the controls. Mitchell and Whitehead (21) extend- 
ed this investigation, reporting that hydrolysis of starch followed upon spraying 
bean leaves with indoleacetic, indolepropionic, indolebutyric, naphthaleneacetic, 
and naphthoxyacetic acids. A lesser effect on starch was obtained with phenyl- 
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acetic acid, and none at all with naphthalene acetamide. The increase of sugars in 
holly stems (30) presumably resulted from the hydrolysis of starch in the leaves, 
since only a trace of starch was present in the stems. Beal (3) illustrated the dis- 
appearance of starch from the endodermis of bean stems treated with indoleacetic 
acid. 

The interrelation of other materials with the growth substances has been report- 
ed in several publications. Fliry (10) demonstrated the resumption of elongation 
in decapitated sunflower hypocotyls by the application of either indoleacetic acid 
or sugars (sucrose and glucose) to the cut surface. Sweeney and Thimann (31) 
showed that the transient effect of streaming in the protoplasm of Avena epidermis 
could be continued for 2 hours in a i per cent solution of fructose. Sljineidkr (26) 
reported increased growth of sections of oat coleoptiles when sucrose, maltose, rlcx- 
trose, levulose, or endosperm extract was added to the test solution of indoleacetic 
acid. Mannitol appeared to be without effect. Both sugar and indoleacetic acid 
in the medium gave better results than either alone. 

Cooper (6, 7, 8), working on root responses, especially of Citrus cuttings, ob- 
served that if the end of the cuttings, treated with an aqueous indoleacetic -acid 
solution, were removed the effect of the growth substance was voided and further 
application of the acid did not lead to the formation of more roots than the con- 
trols. He concluded that another substance, rhizocaline, besides the growth sub- 
stance was necessary for root formation. Failure to bring about rooting in apple 
cuttings was explained as due to deficiency in rhizocaline. Went (32), in an elabo- 
rate series of experiments with etiolated pea seedlings, proposed the interaction of 
different specific growth substances, the calines, with auxin in such different 
growth responses as stem and petiole elongation, root formation, and development 
of the leaf. Bonner, Haagen-Smit, and Went (4) showed that an aqueous ex- 
tract obtained by leaching the cotyledons of peas and other plants greatly in- 
creased growth of the mesophyll of the leaf. The solids of the diffusate contained 
more than 50 per cent carbohydrates, but the accelerated growth of the leaf tissues 
was not a sugar effect, since the tissues were cultured in i per cent sucrose. Went 
later (33) suggested that light was necessary for the activity of phyllocaline. 

A relation has been shown to exist between the growth substances and some of 
the micro-elements. Eaton (9) reported that boron could be replaced by indole- 
acetic acid in the nutrition of cotton plants and suggested the formation of auxin 
as one of the functions of boron. Skoog (27) recorded an unpuljlished work of 
Hoagland in which indoleacetic acid seemed to improve the stunted growth of 
zinc-deficient plants. Skoog found the absence of auxin in terminal buds and stem 
sections of zinc-deficient plants and a lower auxin content in their leaves. A de- 
crease in auxin content occurred before the symptoms of zinc deficiency were ap- 
parent, while an increase in auxin was detected after zinc salts were added to the 
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nutrient of the deficient plants. He determined that indoleacetic acid sprayed on 
the leaves increased stem growth only in the early stages of deficiency and conclud- 
ed that zinc was necessary in the metabolism of the plant to keep the growth sub- 
stances in an active state and to prevent their oxidation. 

Material and methods 

Plants of Bonnie Best tomato and Calapproved kidney bean were used as mate- 
rial. In the experiments employing potted tomato plants, these were about 5 
inches high, with three expanded pinnate leaves. Those from which the cuttings 
were taken were larger, but all cuttings were made 5 inches long and had the three 
uppermost leaves expanded. Bean cuttings were taken from young plants just 
above the second node (paired unifoliate leaves). In these the second trifoliate 
leaf was just expanding. 

The mineral solutions used for root cultures by Robbins and Schmidt (25) and 
by White (34) were both found in preliminary tests to be satisfactory for keeping 
the cuttings alive. A modification of White’s nutrient medium was used in all 
experiments reported here, in which potassium iodide, glycine, thiamin, and su- 
crose were omitted. To this solution a weighed amount of the material under ex- 
amination was added. The solutions were changed every second day to prevent 
the growth of molds and the effect of fermentation products. 

The cuttings were kept in the dark for 24 hours before being treated with the 
growth substances and remained in darkness for the duration of the experiment. 
The growth substances were applied unilaterally to the stems as a i per cent lano- 
lin mixture. The temperature of the darkroom was 68°-7o° F. The period of 
treatment with the growth substances in the presence of a special nutrient was 6 
days, except when otherwise indicated. At the end of this time fixations were made 
in Allen and Wilson’s modification of Bouin’s solution. Controls consisted of hor- 
mone-treated cuttings in the mineral solution alone and untreated cuttings in the 
special nutrients. 

Microscopic examination was made of the stem tissues to determine the changes 
resulting from the interaction of the growth substance and the nutrient supplied 
to the cuttings. When the reaction was great the typical white swollen areas could 
be seen macroscopically. For cytological and histological studies, hand sections 
were stained with iodine in 95 per cent alcohol, counterstained in gentian violet in 
absolute alcohol, cleared in xylol, and rhounted in Canada balsam. 

Experimental results 
Tomato 

Both intact plants and cuttings that remained in darkness during the period 
of treatment failed to produce the typical proliferations and root initiation which 
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occur in plants kept in the light. As judged by curvatures, however, stretching 
growth was not appreciably affected. 

Rooted plants.— Potted tomato plants were treated unilaterally with i per 
cent d-naphthoxyacetic acid and the controls with pure lanolin. To assure results 
as nearly comparable as possible, the paste was applied on small cardboard strips 
|Xi inches, containing approximately equal quantities of the paste. 'I'he cards 
were applied to the middle of the third internode, in line with the uppermost ex- 
panded pinnate leaf (the third). With the exception of the curvatures, no appar- 
ent differences could be noted between treated and untreated stems after 6 days; 
but closer examination showed that enlargement of the nuclei took place where the 
tissues were activated by the growth substance. The large size of the nucleolus 
was characteristic. In untreated sectors opposite the paste and in comparable re- 
gions of untreated plants the nuclei were much smaller and had small nucleoli 
(figs. I, 2). This was the sum total of the observable activity induced by the 
growth substance under these conditions. The same treatment in the light pro- 
duced the typical white patches indicative of proliferation and root development. 

To determine what influence the foliage may have exerted in this reaction, three 
series of plants treated as just described were set up as follows: (a) all leaves re- 
moved except the third pinnate one, and plants decapitated; (b) all leaves re- 
moved, and plants decapitated; and (c), as in (p), but not decapitated. In series 
(a) the results were similar to those with intact plants, but in (h) and (c) no nuclear 
enlargements occurred. 

The magnitude of the curvatures in the different series could not be deter- 
mined accurately, since defoliation in these plants produced curvatures before the 
growth substance was applied. 

Cuttings. —In all cuttings the lanolin mixture was applied copiously to one 
side of the stem by means of a glass rod. 

Leafy cuttings maintained in the mineral nutrient showed the same cytological 
changes as the potted plants. Great enlargement of nuclei and nucleoli occurred 
(fig. 3) as compared with untreated controls. In the latter, very small nuclei were 
present, some with small, granule-like, refractive nucleoli, others without dis- 
tinguishable ones. 

In leafless cuttings the nuclei were very small in both experimental plants and 
controls, and the only apparent differences seemed to be the greater predominance 
of cnucleolatc nuclei in the controls. The leafy controls were similar to the treated 
defoliated cuttings. The growth substances had very little effect upon the metab- 
olism of the tissues under these conditions. The results were the same with indole- 
acetic acid and jS-naphthoxyacetic acid. The effectiveness of the growth sulistance 
apparently was dependent upon something diffusing from the leaves. 



Figs. i-4. — Figs, i, 2, cross-sections of stems of intact tomato plants: Fig. i, treated witli i per cent 
/i#-naphthoxyacetic acid in lanolin; enlargement of nuclei and nucleoli in cells of endodermis and phloem 
parenchyma. Fig, 2, control, treated with pure lanolin; small nuclei and nucleoli. Fig, 3, section of stem 
of tomato cutting in mineral nutrient, treated 6 days in darkness with i per cent / 3 -naphthoxyacetic acid 
in lanolin; enlargement of nuclei and nucleoli. Fig. 4, tomato cutting treated in darkness 6 days with i 
per cent indoleacetic acid in lanolin; enlarged binucleolate nucleus, showing two types of nucleoli. 
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To iavestigate the limitation of the growth response in the dark, and its further 
limitation in defoliated plants, similar cuttings were cultured in the mineral nu- 
trient to which I per cent sucrose was added and treated with i per cent indole- 
acetic acid in lanolin. The response of both leafy and defoliated cuttings followed 
the sequence occurring in plants in the light. Large white macroscopic areas were 
conspicuous. Typical proliferations occurred in endodermis, pericycle and phloem 
parenchyma, and cambium, and numerous root primordia developed. Enlarge- 
ment and division of cells occurred in cortex and pith. Large nucleoli t}’j)ical of 
very active cells prevailed. The activity in defoliated cuttings was somewhat less 
than in leafy ones, which may have been due to the decreased transpiring sur- 
face. 

The controls in sucrose showed no unusual development, and no differences 
could be detected between those with leaves and those without. No jjroliferations 
occurred, and nucleoli were small in the cells of endodermis, pericycle, aiid phloem. 
Evidently the carbohydrate was the immediate limiting factor in the inhibition of 
the expected response to the growth substance. This was shown again to be the 
case in the following experiment. 

Tomato cuttings were placed in media plus and minus sucrose, and kej)t in 
darkness for progressively longer periods before treatment with d-naphlho.x\'at:etic 
acid in lanolin. Each group was subdivided into six and treated after i , 2 , ,p, 4, 5, 
and 6 days. All series were subjected to the growth substance for 6 days and dif- 
fered from one another only in the length of time in the dark before treatment. 

The response was similar in all plus-sucrose cuttings, whether treated after 24 
hours or after 6 days in darkness. Proliferations were abundant, and numerous 
root primordia developed. Nuclei, and their nucleoli especially, enlarged to a 
great size. 

Cuttings without sucrose responded progressively less vigorously as the time 
before treatment was lengthened. After the 24-hour period cuttings .showed en- 
largement of many of the nuclei, with accompanying increase in size of nucleoli in 
the cells of the endodermis, pericycle, phloem, and cambium. 'I’reated after 2 days 
in the dark, fewer enlarged nuclei were present in pericycle, phloem, and cambium, 
while only an occasional endodermal nucleus was found enlarged. I’hose treated 
after 3 days in darkness had still fewer enlarged nuclei; and, as in the preceding 
series, these occurred mostly in pericycle and phloem. Plants treated after 4 days 
in the dark had no enlarged nuclei. The nucleoli, however, were definite though 
small and appeared as refractive granules. After 5 days the nuclei were still small- 
er, and with very small nucleoli which were sometimes difficult to distingui.sh. By 
the sixth day nucleoli were not visible. 

The condition in cuttings treated after the fourth and fifth days in darkness 
was similar to that in treated and untreated defoliated cuttings, and in untreated 
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leafy cuttings after i day. Apparently the reserves or assimilated materials of the 
leaves— and probably also of the stem — were made available to the tissues ac- 
tivated by the growth substances, even under conditions of starvation. Carbo- 
hydrates were mobilized in amounts sufficient to result in nuclear enlargements 
and a synthesis of nucleolar substance. This occurred even after 3 days in the dark 
before treatment, although fewer nuclei were involved. The disappearance of the 
nucleolus was delayed in the activated cells until after the cuttings were in dark- 
ness for 1 1 or 12 days. This is almost double the time in which all nucleolar mate- 
rial was used up in untreated or defoliated cuttings. 

When carbohydrates were available, one of the first visible effects of the growth 
substance was the accumulation of proteinaceous reserves in the nucleolus.. 
These were utilized under conditions of inanition. 

Enlarged nucleoli were of two types. In some the stainable substance was at the 
periphery, surrounding a clear central body or vacuole. Occasionally small clear 
areas were to be found in this peripheral material. In others the stainable mate- 
rial made up the whole body of the nucleolus, and scattered within were numerous 
(five, six, or more) small clear regions. In binucleolate nuclei both types may be 
represented (fig. 4). 

Curvatures occurred in all the plus-sucrose plants, and in the minus-sucrose 
plants up to the fifth day in darkness. 

An experiment was then devised to determine whether the potentialities of the 
nuclei were impaired by the presence of a high concentration of growth substance 
when a limiting supply of carbohydrate was available. 

Two sets of tomato cuttings were placed in nutrient solutions, one without a 
carbohydrate and the other containing i per cent sucrose. The plants in the 
minus-sucrose medium were treated with i per cent indoleacetic acid in lanolin, 
after being in the dark for 24 hours, and remained in this nutrient for 3 additional 
days. At the end of this time they were transferred to a plus-sucrose medium, and 
at the same time the plus-sucrose plants, which up to now remained untreated, re- 
ceived an application of the indoleacetic-acid mixture. Five days later treated 
stems of both series were fixed for study. A concurrent set of cuttings in sucrose 
treated after 24 hours in darkness was also fixed at this time. 

Macroscopic differences in the three sets of cuttings were conspicuous. Both 
sets cultured from the beginning in media containing sucrose had conspicuous 
white swellings, which were clearly larger in those treated with the growth sub- 
stance after x day in the dark than in those treated after 4 days. On the other 
hand, the experimental lot transferred to sucrose after 4 days! treatment showed 
external evidence of reaction in only two of the ten cuttings. Except for these two^ 
microscopic examiiiation showed less activity in the treated regions than did 
treated cuttings maintained from the start in the medium containing sucrose. But 
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the response was not slight in any of the cuttings. Proliferations and root initials 
were abundant. Thus the typical response was shown, upon the addition of sugar 
to the mediuna, by cells containing a relatively high concentration of growth sub- 
stance and low carbohydrate supply, but to a somewhat less degree tlian tho.se 
containing a high carbohydrate supply, derived from the medium, at the time tlie 
growth substance was applied. 

Interaction of other carbohydr.ates. —A comparison of the effectivcmess of 
six sugars in relation to the response to growth substances was made by supplying 
them to the cuttings as in previous experiments. Three disaeeharides and three 
monosaccharides were used in i per cent concentrations; sucrose, malto.se, lactose, 
d-glucose, d-levulose, and d-galactose. All except galactose, which was toxic, were 
utilized by the cuttings and the typical reaction to the growth substance followed. 
A semi-quantitative determination of the response was made, by comparing the 
extent of proliferation of endodermis, pericycle, phloem, and cambium; the num- 
ber of root primordia induced; and the degree of activity in the pitli. Tiiret; growth 
substances, indoleacetic acid, j 3 -naphthoxyacetic ackl, and ethyl b-naphtho.xy- 
acetate, were employed with each of the sugars. 

The greatest response was obtained by the use of maltose; levulose and sucrose 
were only slightly less efficient. Smaller responses were obtained with gluco.se and 
lactose in approximately the same degree. Qualitatively the re.sponse was similar 
with all five sugars and conformed to the previous report on Marglobe tomatoes 
(2). In none of the controls in the different sugars was there any activity. One 
per cent mannitol was not utilized by the cuttings, judging from the alisence of 
response to | 3 -naphthoxyacetic acid. 

Response in relation to nitrogenous constituents. — 'I'omato cuttings, 
cultured in a medium containing sucrose, in which nitrogen was omitted by sub- 
stituting calcium sulphate for calcium nitrate and potassium nitrate, responded to 
treatment with the growth substances in no different manner from those in the 
complete nutrient. Both exhibited the full effects of the growth suiistance in the 
presence of a carbohydrate supply. Apparently there was sulTicient nitrogen in 
the cuttings that was easily translocated to the activateil tissue; and it leaves open 
to question the actual utilization of inorganic nitrogen in a nutrient containing 
it. 

Nitrogen-deficient plants.— Eight tomato plants grown in a minus-nitrogen 
mineral solution for i month, and eight grown in plus nitrogen, were available. 
The minus-nitrogen plants were very hard. They were 4 inches tall with three 
small yellow-green leaves. The plus-nitrogen plants were 2.5 feet high, dark green, 
and rather succulent. Treatments were made on the intact plants in the green- 
house, two of each series with indoleacetic acid and two with d-naphthoxyacetic 
acid in lanolin. Four served as controls, two lanolin treated and two untreated. 
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Both plus- and minus-nitrogen plants curved negatively in response to indole- 
acetic acid and positively to d-naphthoxyacetic acid. Portions were fixed 6 days 
after treatment. 

The nitrogen-deficient plants responded with vigor. Proliferations occurred in 
the cortex, endodermis, pericycle, and phloem. Root primordia were initiated and 
several large roots emerged. Nuclei and nucleoli increased to a great size in all ac- 
tivated tissues. The high-nitrogen plants responded only slightly more vigorously. 
More root initials were formed and larger roots were more abundant. The con- 
trols showed no activity, nuclei were smaller than in those treated with the growth 
substance, and cell division was not apparent. 

Eight spindly, nitrogen-deficient tomato plants, about 2 feet high and with 
light green foliage, were also available. They had grown in a nitrogen-free medium 
for 8 weeks. Cuttings 5 inches long were taken from their tops. These were placed 
in a nutrient medium containing i per cent sucrose, four plus nitrogen and four 
minus nitrogen ; and after 24 hours in the dark were treated with indoleacetic acid 
in lanolin. Both reacted similarly, which again questions the utilization of the ni- 
trates by the cuttings. Responses like those of the nitrogen-deficient plants in the 
light resulted from the hormone treatment. 

Urea and glycine. — One per cent urea or glycine added to the nutrient solu- 
tion was toxic to tomato cuttings. These were tried in order to determine whether 
organic nitrogenous compounds could be substituted as respiratory and structural 
materials in place of the carbohydrates. Treated portions of some of the plants in 
the nutrient containing urea were fixed 3 days after treating them with indole- 
acetic acid, in which time the leaves and apex had wilted but the stems to which 
the paste was applied appeared normal. Sections of these showed that no local 
activation had occurred. 

Kidney bean 

For comparative purposes the methods used for the tomato cuttings were re- 
peated with the beans, with similar results. The growth response in the dark with- 
out an external source of carbohydrate was greatly increased upon the addition of 
sucrose to the medium. The growth substance was applied unilaterally to the 
lower part of the third internode. 

Without added sugar, nuclear enlargement with accompan3dng increase in size 
of nucleolus took place in tissues beneath the paste. In the lower portion of the 
treated internode (near the node) the endodermis enlarged and divided a few 
times, and in some cuttings early stages in root initiation occurred at the rays. 
Any differences between intact and defoliated cuttings were not obvious. The low- 
er portion of the intemode gave a greater response than the rest of the internode, 
even in defoliated cuttings left in darkness 48 hours before treatment, which indi- 
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catecl a higher local supply of sugars in this region of the stem , The amount of ac- 
tivity in intact and defoliated cuttings was undoubtedly due to their large size and 
to the abundance of storage starch in the stem. 

When sucrose was added to the nutrient, great proliferation occurred through- 
out the treated area and large primordia developed. Galactose was also toxic to 
bean cuttings and showed the same symptoms as in the tomato. 

The response to the growth substances in cuttings of etiolated bean seedlings, 
maintained in various organic media, was studied. The results will be deferred to 
a later report. Galactose and glycine, which were toxic to the green cuttings, were 
not injurious to the etiolated plants. The leaves and apex died in cuttings cultured 
in the nutrient containing i.o per cent urea, but o.i and o.oi per cent concentra- 
tions were not toxic. 

Discussion 

The interrelation between the carbohydrates and the growth sul)stanccs, as in- 
dicated in this work, shows how closely the two are related in the anal.,)oIic metab- 
olism of the cell. In the presence of sugars alone mature cells remained in equi- 
librium and utilized the sugars apparently for respiratory purposes alone. With 
a quantity of growth substance present at the same time, the carbohydrates were 
assimilated and protein synthesis occurred. Under the conditions of the experi- 
ments, proteins apparently were resynthesized locally from materials present in 
other parts of the cuttings not directly affected by the growth substances. The 
disappearance of stainable nuclear material and the nonutilization of supplied 
nitrates bears this out. Conversely, considerable material accumulated in the 
nucleus — and especially in the nucleolus — of cells stimulated by the growth sub- 
stance. 

The high starch content of nitrogen-deficient plants may be due to a dcTiciency 
of natural growth substances. This is mere speculation, based upon the strong re- 
sponse of such plants, by both curvatures and histological changes; upon the un- 
usual amount of growth occurring in nitrogen-deficient plants whim placed in 
total darkness (22) ; and upon the effect of growth substances on the hydrolysis of 
starch. In nitrogen-deficient plants nitrogen does not appear to l,:>e the factor 
limiting growth directly, but lack of vigor may be attributable to the inability of 
the plant to utilize carbohydrates properly. 

Nitrogen is reutilized in the plant (22, 23) and is readily available to regions 
activated by the growth substance. It also seems to be needed in relatively small 
amounts for growth in locally activated cells. For these 'reasons it is not likely 
to be a limitingiactor in the rooting response of cuttings, or in other phenomena ■' 
where high metabolic activity is taking place locally. Since normal development, 
of the higher plants is a successionnf local growth phenomena, the ease with which 
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nitrogen is reutilized must be a stabilizing factor. On the other hand, carbohy- 
drates are apparently needed in larger quantities, and the extent of activity is de- 
termined by their availability. In this connection, Smith, Nash, and Davis re- 
ported (28) that low nitrogen-high carbohydrate bean seedlings treated with in- 
doleacetic acid rooted faster than high nitrogen-low carbohydrate plants. They 
concluded that “New root primordia were largely influenced by the carbohydrate 
reserves in the plant.” 

It was shown that removal of the foliage of intact tomato plants and cuttings 
completely inhibited the small response in these plants to the growth substances 
in the dark and that the presence of sugars brought about a complete response. 
A similar case of a weak reaction (gall production) or none at all has been reported 
(14) in tomato and Bryophylhim plants that were defoliated and decapitated, when 
inoculated with an attenuated strain of the crown-gall organism. Leafy plants pro- 
duced larger galls in all cases. This was attributed to the diff usion of a growth sub- 
stance from the leaf, in spite of the fact that 3 per cent indoleacetic acid in lanolin 
added to the inoculated tissues only slightly increased the amount of proliferation. 
It seems likely that the difference in vigor between intact and defoliated plants 
and the difference in the accessibility of carbohydrates are the probable explana- 
tions of these results. 

The toxicity of galactose is a puzzling problem in plant nutrition. It has been 
investigated carefully by Knudson (ii, 12) and others and reviewed by Miller 

(is). 

It seems highly probable that more vigorous root induction and better subse- 
quent growth of young roots may be had by pretreating cuttings with a solution of 
an inexpensive sugar such as sucrose or glucose before using a growth substance. 
Oliver (24) found that honey stimulated rooting of Ckrysanthemum and Thuja. 
Any treatment tending to convert stored polysaccharides into sugars may have 
the same effect. It follows that cuttings should have the maximum number of 
leaves compatible with retention of water. The available carbohydrate supply 
may partially explain seasonal variations in the rooting of cuttings. 

Further research may show the way to increased crop yields through more effi- 
cient utilization of nitrogenous compounds in particular, and also of the carbo- 
hydrates, within the plant. 

Summary 

1. Intact tomato seedlings and cuttings in a mineral nutrient, kept in darkness 
during treatment, produced only a small response to the growth substances in 6 
days. This was limited to slight enlargement of the cells and an increase in size 
of nuclei and nucleoli. 

2. The reaction was almost completely inhibited when the leaves were removed. 
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3. Intact and defoliated cuttings cultured in sucrose in darkness produced the 
complete response .obtained in plants in the light. Proliferations and root pri- 
mordia were formed in abundance. Similar results were obtained with .maltose, 
levulose, glucose, and lactose; mannitol was not effective. 

4. Cuttings were left in the dark for i’“6 days before treatment, Tliose main- 
tained on a sucrose nutrient showed no differences due to pretreatmenl, ljut those 
in the mineral nutrient alone showed progressively less response through the 
third day and none at all beyond that. 

5. Cuttings treated with lanolin paste for 3 days while in the mineral solution 
were then transferred to the sucrose medium. Six days later, when harvested, the 
treated regions had proliferated and produced root primordia. The response was 
not so great, however, as in cuttings cultured in sucrose but not treated until the 
time the minus-sucrose plants were put into the sugar medium. 

6. Bean cuttings in a mineral nutrient in the dark also showed decreased re- 
sponse to the growth substance and complete response when cultured in sucrose. 

7. Galactose was toxic to both tomato and bean cuttings. 

8. Tomato cuttings in a minus-nitrogen medium responded as vigorously to 
the growth substances as did those with nitrogen. Nitrogen-deficient plants and 
cuttings also proliferated and gave rise to root primordia. 

9. The most obvious cytological change in response to the growth siibstaiices 
in both the bean and tomato was the great increase in size of the nucleolus. Under 
conditions of carbohydrate deficiency the nucleolus diminished in size and finally 
disappeared. No changes occurred in the nucleoli of plants cultured in a .sugar 
medium in the absence of growth substances. 

The writer is indebted to the members of the Botany Department of the Uni- 
versity of Chicago for the courtesy of their laboratories and for many disciissions 
in the course of this work. 

Connecticut College 
New. London, Connecticut 
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EXIl^ACni’ON OF AUXIN FROM MAIZE, FROM SMUT TUMORS 
OF MAIZE, AND FROM USTILAGO ZEAFF 

{:()X71<nUJTIO FROM THE HULL BOTANICAL LABORATORY 641 
JAMES E. MOULTON 

Introduction 

This investigation was undertaken to test the hypothesis that if growth-affect- 
ing or growth-etTecting substances play an important role in the normal growth of 
pUuits, then the growth disturbances observed in pathological conditions, such as 
in the (’orn-smut tumors I)eing studied, should be correlated with disturbed auxone 
relations in the infected phuits. Although many substances are classified as 
auxones, only those (the auxins) which can be detected by the standard Avena 
coleoptile tedmique have been studied here. It is not assumed, however, that 
auxins thus determined are the sole or primary causes of the responses incited by 
the pathogen, Ustila^o zeae, but rather that they may be among the compounds 
(‘orrelate<l with the abnormal activity of the diseased tissues. 

Early in this investigation it became apparent that the current procedures for 
the extraction of auxin from plant material were not adequate, for various reasons. 
Work done in this laboratory and elsewhere has shown that quantitative auxin 
extraction from green tissues is not easily accomplished (5, 10, 12, 20). As yet no 
adequate technique has been found that will remove all the auxin from tissues 
rapidly and with one extraction. Recently Link, Eggers, and Moulton (10) de- 
scribed methods for the preparation of large, thoroughly homogeneous, desiccated 
samples from which sub-samples can be taken. Material thus prepared is highly 
suitable for auxin-extraction studies. 

In this work an extensive study of the extraction and behavior of auxin from 
smut tumors of corn was undertaken. Also, for source material, corn stems, corn 
leaves, corn tassels, and four strains of the corn-smut fungus, U, zeae^ were used 
to some extent. 'Ihis investigation was continued over a period of 3 years, during 
the course of wdiich about 3000 pans of Avena were used in the tests. Most of the 
experiments have been repeated, some of them many times. 

Material and methods 

A strain of Northwestern Dent corn and four strains of Ustilago zeae were ob- 
tained from Dr. E. C. Stakman of the University of Minnesota. The; corn was 
grown in the greenhouse in garden soil, using 12-inch pots with four plants to each 

* This work was aided in part by a grant from the Dr. Wallace C. and Glara A. Abbott Memorial Fund 
of the University of Chicago, 
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pot. The tumors were produced by inoculating corn plants when they were about 
I foot tall. Injections of U. zeae were made into the region of the growing j>oint 
with a hypodermic syringe. Monosporidial cultures of U. zeae, designated lol,, 
10K2, 10J3, and 10J4, were grown on a liquid o.i per cent bacto-tryptone-de.xtrose 
medium. To incite tumor production, except for certain solopatliogenic strains of 
the microorganism, it is necessary to mix + and — strains at the time of inocula- 
tion. Strains loI, and 10K.4 yield only local lesions but no tumors, when injected 
into the plants separately; when mixed in liquid culture just before inoculation, 
the two together are highly pathogenic and large tumors result, located princi- 
pally on the stems and leaves. These two strains were used exclusively to incite 
the tumors for extraction. Strains loj, and 10J4, being solopathogenic, are each 
capable, when injected into the growing point, of inciting tumor formation . d'hey 
were not, however, as virulent as a mixture of -f and — strains. Studies were 
made on the yields of auxins from the mats of the fungus grown (rn liquid media, 
and in this work all four strains were tested. About 3-4 weeks after inoculation, 
tumors appeared and continued to be produced over a period of 2 weeks. In the 
autumn of 1940, samples of normal leaves and of tumors from stems and leaves 
were collected, frozen immediately by crushed dry-ice (COj mixed with the 
methyl ester of ethylene (cellosolve). This gives a temperature of —80° C. and 
freezes the material rapidly. While frozen, the tissues were dried in mcuo. The 
dried material was ground in a Wiley micro-mill to pass a 60 mesh and then stored 
in an evacuated desiccator over phosphoric pentoxide. The powders proved to be 
stable and yielded active extracts. The auxin was assayed by means of the stand- 
ard Avena test (22), using an initial decapitation period of 2 hours. Photographs 
were taken 100 minutes after application of agar blocks. 

The Avena tests were made in a room especially constructed for the purpose. 
The temperature was held at 24° C., the relative humidity at 88 per cent, and a 
continuous supply of fresh air was brought in and circulated by fans. For the test 
plants a strain of Swedish Victory oats sold by Vaughan’s Seed Company was 
used. This seed gave very satisfactory results. Germination was high, the coleop- 
tiles grew at a uniform rate, the leaves pulled easily, and the sensitivity was high. 
The coleoptiles were calibrated at each test with standard agar blocks containing 
indoleacetic acid, the concentrations being 0.015 0.030 mg. per liter of agar. 

(The average curvature obtained with the former concentration was about 12°.) 

Three extractants were used for the auxin extractions; an aqueous ethyl ether, 
dry ethyl ether, and water. The aqueous ether was freshly distilled for each experi- 
ment over wet FeS04 and CaO. Dry ether was obtained by treating it with potas- 
sium permanganate, drying with calcium chloride, and distilling over sodium; it 
was stored over sodium in the dark in a refrigerator. Prepared by either method 
it was always found to be peroxide free. When ether was used as the extractant 
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the extracts were evaporated to dryness in a water-bath at 50° C. and taken up in 
2 cc. of melted 1.5 per cent agar. Serial agar dilutions were then poured into an 
8X10X1.5 nim. mold. After hardening, the agar cast was cut into twelve equal 
blocks, which were applied to the Avem coleoptiles. In each dilution tested, 
twelve coleoptiles were used. 

When water was the extractant, the extract was not taken to dryness. Instead, 
I cc. was pipetted from the sample to be tested and mixed directly with i cc. of 
melted 3 per cent agar. The dilutions and blocks were prepared as before. In all 
the extractions, care was taken not to overheat the preparations, and when the ex- 
tracts were removed from a vessel the latter was washed two or three times with 
ether. Whenever duplicate samples were extracted and assayed together, they 
each gave the same number of units of auxin, within the limits of the variability 
of the Avma test itself. 

The results of the tests have been expressed in arbitrary units for convenience 
of comparison where different materials and different methods of extraction were 
used. The arbitrary activity unit is defined as that amount of substance which — 
when put in i cc. of 1.5 per cent agar — causes 1° curvature after 100 minutes in the 
Avcfia test. 


Experimental results 
Ether extraction of fresh material 
Extracts of Zea mays.— During this work, fresh leaf samples were collected 
from corn of various ages and extracted in the usual way. Leaves from young 
corn plants were invariably found to be low in auxin. The highest auxin yields 
were obtained from leaves of plants coming into tassel. The tassels themselves 
were exceedingly high in auxin. 

Extracts of cfjRN-SMUT tumors. — A so-gm. sample of fresh tumor material 
from leaves and stems was collected in July, 1940, and placed in peroxide-free wet 
ether in the refrigerator at 4° C. for extraction. Care was taken to collect only 
young and medium tumors, older sporulating ones being avoided. The tumors ob- 
tained in the greenhouse were white or yellow and contained very little chloro- 
phyll. The tissues, almost intact, were placed in 50 cc. of extractant per gram of 
fresh material. After 12 hours, the ether was removed from the sample, and the 
sample was washed with fresh ether and put back in new ether for a second ex- 
traction. The ether taken off was evaporated to dryness and tested by mixing the 
extract with 2 cc. of melted 1.5 per cent agar. Serial dilutions were made from this 
and assayed in the At'eMS test. The results of a series of five extractions are given 
in table i. It will be observed from the table that in the first extraction the Avena 
curvatures are small and there is a lack of proportionality between the dilutions 
and the curvatures. This lack of proportionality was always observed in the first 
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extraction of the fresh tissues of tumors. In later extractions this ptH-uliarily is 
less evident. It seems likely that in the first extraction there are masking suh- 
stances present which prevent the expression of the auxin, llie nature these 
substances is unknown. Previous work (4,8, 18, 17, 16, 21) indimtes tliat sub- 
stances with masking or inhibitory effects are freciuently found. 

Table i shows that after five successive ether extractions tlie sample was still 
yielding auxin, perhaps indicating continued auxin production over a pcuuod of 
time by the tumors. More data bearing on this point are presented later. Ivx- 
tractions of tumors from ears of corn collected in the field gave results in agree- 
ment with those just reported. 

TABLE 1 

ACTIVITV OF ETUKR EXTRAC'I'S OF l-RESH SMUT TU.\!nRS OF 
MAIZE EXPRESSKI; IN AVFRAC.K CURVATURF PKR 
12 AVKNA ('OI.FOFTU.KS (UKCiRKES) 



Auxin content of corn leaf sheath tumors compared with normal leaf 
SHEATHS.— Fresh material was used and treated as already described. After 4 days 
of extraction the leaf sheath tumors gave forty-eight units of auxin as compared 
with three units for the normal sheaths. This relationship in which tumors are 
always higher in auxin than the normal tissues was found wlnm the exj>eriinent 
was repeated and when repeated extractions of the same materials were made. 

Ether extraction of frozen vacuum-dried material 

Auxin from smut tumors of maize: Experiments with dry E'ruER.-TRe- 
ceiitly the development of the frozen vacuum-drying method for the treatment 
and storage of plant material has made it possible to compare different methods 
for the extraction of auxins. Using one finely ground sample of tumors of corn 
smut, studies were made of procedures for the extraction of auxin l)y drawing sub- 
samples, treating them in various ways, and comparing the results of the ditTerent 
treatments. 
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Witli the dried material available for extraction, absolutely dry ether was pre- 
pared and used in making extractions. Dried material gave no activity when dry 
ether was the extractant. Independently of the present work, and using oven- 
dried material, IdiiMANN and Skoog (20) have reported similar findings and con- 
cluded that water is necessary for auxin extraction of dry material. That auxin is 
soluble in dry ether has been demonstrated (10). Wet ether extracts of nodules of 
kidney bean, when dissolved in dry ether and then taken to dryness and assayed, 
showed the same activity as comparable wet ether extracts when taken up directly 
in agar. The conclusion is that water plays a part in the progressive liberation of 
auxin. 

I'here was the possibility that the dried residue extracted by dry ether con- 
tained material which could be converted into auxin, if water were present. This 
was tested by a series of three extractions with dry ether, A, B, and C. Sample A 


TABLE 2 

Ac'nvnn' nv k'I'hkr extracts of 8 identical 20-MG, samples 

OF VACUUMUmiED SMUT TUMORS FROM MAIZE 


Dates of 

Days in 

Units of 

Datets of 

Days in 

Units of 

TESTS 

ETHER 

AUXIN 

TESTS 

ETHER 

AUXIN 

1 . 19/41 ! 

1 ^ 

72 

3/4/41 

7 

96 

I /Uv 4 i .i 

i 6 ■ 

96 

3/4/41 

7 

96 

I <23/41. ....... 

i 7 

96 

3/8/41 

7 

144 

1 • 2 V 4 ^ 

2 

56 

3/8/41 

7 

80 , 


' i 





was tested without further treatment, B was treated with i cc. of water for 14 
hours, and C with i cc. of water for 3 days. Extracts of A, B, and C were inactive 
in the A vena test, and it was concluded that dry ether does not remove any sub- 
stance which can later be activated by the addition of water. 

Auxin from, smut tumors of maize: Experiments with wet ether. — Ex-, 
tractions of eight 20-mg. samples of frozen vacuum-dried material were made at 
different times with wet ether and are compared in table 2. The data are presented 
in terms of the arbitrary auxin units, defined earlier in the paper. Twenty cc. of 
ether was used for each sample and kept in the refrigerator at 4^ C. The wet ether 
used in all the following experiments was prepared by shaking 15 cc. of dry ether, 
prepared according to the method already described, with 0.25 cc. of water. This 
amount of water saturated the ether. The procedure eliminated one source of 
variability in the extractions, since the dry ether used in all the extractions came 
from the same supply and contained the same amount of water. The ether used 
was in the ratio of 1000 cc. per gram of powder. The material remained in ether 
7 days, except in two instances in which one extraction was for 2 days and the 
other 6 days. From four of the extracts 96 units were obtained (table 2) ; one gave 
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56 units, another 80, another 144, and another 72. When extracted for only 2 days, 
the auxin yield was 56 units. When the period of extraction in ctlier was tlu' same, 
the number of units obtained was remarkably uniform. Unit, time is a fac'ior in 
the extraction process is shown in the follownng experiment. 

Each of four 30-mg. samples of tumor powder, prepared ac'cording lo t.h(‘ freiv.- 
ing desiccation method, was placed in 20 cc. of wet ether. Sample 1 was extraded 
one day; sample 2, two days; sample 3, three days; sample 4, seven days. I'he ex- 
periment was arranged so that the extractions were completed simultaneously, 
and all were assayed simultaneously. For sample i the yiekl was 44 units; for 
sample 2 it was 80 units; for sample 3 it was 120 units; and for .sample 4 it was 320 
units. There is good proportionality between time in wet ether and yield of auxin. 

Tests to determine whether the amount of extractant used was a limiting factor 
showed that different quantities of ether resulted in practically the same number 


TABLE 3 

Auxin from 20 ug. of vacuum-dried tumors from maize sampice 

EXTRACTED WITH SUCCESSIVE 20-CC. VOLUMES OF KI UKR 


Dates of 

TESTS 

Days in 

ETHER 

Units of 

AUXIN 

i I) VIES or 

j TESTS 

Days in 

, ETHI H 

CnTI'. h} 

AUXIN 

3/31/41 


48 

1 5 /t 8 / 4 i 

. i 10 

UH 

4/18/41 

18 

384 

i ^ '20*'4i 

. • 11 

i 1 0.,| 

4/23/4I 

s 

11 2 

i <','7/ 41 

. i 10 

()6 

s/8/41 ! 

15 

I 76 

1 




Total to date 72 • 10 j 8 

; ' i 


of units of auxin. This corroborates the former observation that auxin is grad- 
ually liberated from dried material in the presence of water. 

Experiments with repeated extractions of material with wet ether give further 
support to this observation and are of interest in comparison with the repeated 
extractions of fresh material discussed earlier. From one series of repeated ex- 
tractions (table 3) it is evident that the fresh and the dried material on extraction 
gave similar results. When extracted, both yielded auxin over a long period. Here 
again the yield of auxin is a function of the extraction time. The fresh material 
differed greatly from the dry powder, however, in that dry material yielded 
about 100 times as much auxin as the fresh when the same number of grams of 
each, on a fresh-weight basis, were used in making the extractions. 

In the repeated extractions just described, either dry ether or wet ether was 
used alone. In another experiment, two 30-mg. samples, A and B, were first ex- 
tracted with wet ether for 14 days and tested, the residues dried by washing with 
dry ether, followed by a second extraction in dry ether for 8 days, after which these 
extracts were tested while the residues were placed in wet ether for a third extrac- 
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tion. In this third extraction, sample A was in wet ether for 5 days and B for 12 
hours, d'he first extraction with wet ether gave for A and B, 320 and 277 units, 
respectively; the second extraction with dry ether gave o units in each case; the 
final wet ether extracts were active. From sample A after 5 days, 138 units were 
obtained, while the yield from B after 12 hours was 40 units. This is further evi- 
dence of the part played by water and the importance of the time factor in auxin 
liberation. 

The Soxhlet method of extraction with wet ether was tried with the possibility 
that auxin in the unbound form might be rapidly removed in this way. For the 

TABLE 4 

AC'l'IVl'l’V U.NITS OF F.XTR.ACTS OF TWO 20-MG. SAMPLES OF 
I'OWDER SOXHI.FrnZEI) FOR i8 AND 47 HOURS, RESPEC- 
TIVELY. EuLLOWINO the 18-HOUR SOXHLETIZATION 
THIS SAMPLE VV.AS E.XTRACTED BY STANDING IN SUC- 
CESSIVE \'ULU.\IES OF ETHER IN ICEBOX 


D.\tk of 

liXTK ACTION 



3. 

3/2S,/4l 

4/ 1 2/41 

4/22/41 

•v 7/41 

,S/'2f)/4i 

<V7.''4i 

Total 

tumor material, this does not seem to be the case; almost all the auxin is bound. 
With short Soxhlet extractions of 3, 6, and 10 hours very low yields were obtained, 
scarcely greater than if the material had been merely standing in ether for the 
same periods. 'Fable 4 summarizes the data from two Soxhlet runs, one of 18 
hours’ duration and the other of 47 hours. It is observed that there is no propor- 
tionality between the length of time the material was Soxhletized and the yield 
of auxin. Other materials extracted in the Soxhlet gave similar results, but no 
explanation for this behavior is offered. 

After the 18-hour Soxhletization, the powder was re-extracted seven times with 
wet ether, over a period of 79 days. The total auxin yield, including the Soxhletiza- 
tion, was 471 units, as compared with an expected yield of about 1000 units for 
repeated extractions of the material when left standing in the refrigerator in wet 
ether. Considerable auxin was lost when the Soxhlet method was used. 

'Two Soxhlet extractions with dry ether, A and B, were followed by extraction 
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of A with wet ether and B with water (table 5). 'I'here was the possibility that 
when fats and other substances were removed by dry ether the j)rneess of libera- 
tion of auxin would be more complete and rapid. After this Soxhietization by dry 
ether, the material gave similar results in subsequent extractions to powders sub- 
jected to repeated wet ether extraction alone, although auxin x'iekis were ctui- 
siderably lower after the Soxhlet procedure. 

Auxin from smut tumors of maize; Water extraction. ^ .A 20-mg. sample 
of tumor powder was extracted for 2 days in dry ether to which 0.5 «•. of water had 
been added. By separating the ether fraction from the water fraction and testing 
each separately for auxin content, it was determined that the water fraction was 
many times more active than the ether fraction. It .seems that the extractable 

TABLE 5 

Activity units of extr.'XCT.s of sa,\ipi.es .wn B, icxcn 

SOXHLETEED WITH DRY ETHER, .\ THEN EX Ik.U'rED 
BY STANDING IN WET ETHER 8 DA^'.S AND H IN WATER 

8 DAYS. Controls for .\ and li extracted by 
standing in W'ET ether and water s days in ice- 
box, respectively 


A 


1; 

j . H 

Wet ether 

' Water 

1 

SoXHLETIZED, 
THEN IN ETHER 

8 DAYS 

Control, in 

ETHER 8 DAYS 

I SoXHLETlZED, j 

II THEN IN WATER 

|| 8 DAYS 

, C’ONTROi, IN 

1 WATER 8 DAYS. 

60 

192 

|| 2176 ' 

!l 

2.^04 


auxins are highly soluble in water and not very soluble in ether, indicating that the 
partition coefficient between ether and water is low for these auxins. 

These findings suggested some studies on water extraction of the tumor powder. 
Some of the experiments are similar to those carried out with wet ether, 'i'hey 
were devised so that the efficiency of ether and of water as extractants could be 
compared. Table 6 gives the results of a series of repeated extractions. Ten mg. of 
powder was put into 2 cc. of water for this series, the ratio of extractant to powder 
thus being 200 to i. Experience had shown that more than enough water was 
present for the amount of powder to be extracted. In making the agar blocks for 
the Avena test, i cc. of water extract was put into i cc. of 3 per cent agar and dilu- 
tions made from this. The powder was put into previously unused distilled water 
for each subsequent extraction. All extractions were carried out in the refriger- 
ator at about 4° C. Most of the auxin was liberated in the first three extractions. 
For example, 3008 units (table 8) were obtained from three extractions which 



MOULTON-~AUXIN 


733 


1942] 

covered 22 days, and only 198 units were obtained in the next three extractions 
throughout a 33”day period. Comparable repeated extractions by ether and by 
water were made, and it was found that when water was the extractant the yield 
of auxin was greater than when ether was the extractant. The total number of 
units oi. auxin obtained by exhaustive extraction with water was 3000-3500, while 
with w’'et ether only looo- 1500 units were obtained. Greater yields of auxin were 
obtained in a given time when the material was extracted with water than when 
ether was the extractant. As an example, in one experiment the auxin yield was 


TABLE 6 

Auxin from 10 mo. of vacuum-dried smut tumors of maize. 

SU('(‘ESS1VE WATER EXTRACTIONS EACH OF 2 CC. 


D.atks of 

Days in 

Umxs OF 

Dates* op 

Days in 

Units of 

TKSTH 

WATER 

AUXIN 

TESTS 

WATER 

AirxiN 

4 ,‘21.,ai 

9 

& 

0 

5/7/41 

12 

104 

.P 2 2 - 4 1 , 

.10 

1 1 42 

'5/18/41 

1 1 

88 

4 ' 25 / 4 r 

3 

576 

s/28/41 

10 

6 

I'ota! 

55 

3206 



TABLE 7 

Auxin from s mg. of vacuum-dried smut tumors 
OF MAIZE. Successive water extrac- 
tion EACH OF 2 CC. 


Time in water 

Units of 

AUXIN 

Time in water 

Units op 

AUXIN 

1 hour i 

288 

1 hour 

0 

I hour i 

32 

5 days 

128 





256 units in 2 hours, 512 in 24 hours, and 1536 in 7 days. In sharp contrast is the 
fact that wet ether gave on the average only 96 units in 7 days. 

Another proof that auxin does not all come out at once when water is the ex- 
tractant was provided by the following experiment. In this case 5 mg. of powder 
was put into 2 cc. of water for | hour. The water was removed from the sample 
and the latter again put into 2 cc. of water. The material was treated thus with 
water three times for | hour each time. Each 2 cc. of water removed was tested for 
auxins. Auxin was obtained in the first two extractions (table 7) but not in the 
third. The powder, apparently exhausted of auxin, was extracted again for 5 days. 
Tests showed 128 units present at the end of that time. Liberation of auxin must 
have occurred during the 5-day interval. The experiments were carried out at 
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2° C. and there was no growth of microorganisms. The e.xi)eriment was repeated 
with similar results. 

In the experiment (table 7) in which the powder was So.xhietized with dry 
ether and then extracted 8 days with water, it is noted that 2176 units were re- 
covered, compared with 2304 units from control material not Soxhletized. 'i'hus, 
removing fats and other substances with dry ether subsequent to water extraction 
did not aid the process of extraction. 

Using water extracts, the effect of heat on the auxin extracted by water from 
smut tumors was studied. Ten mg. of powder was extracted in 4 cc. of water for 
20 hours. At the end of this period, the water was divided into four aliquots. Sam- 
ple I was placed in the icebox at 1.7° C., vials containing samples 2, 3, and 4 were 

TABLE S 

Effect of temperature on auxlv st.abii.itv; 

EXPOSURE 2 HOURS IN' WATER 


Sample 

Tempera- 

TURE C C.) 

Units of i 

AUXIN 

) 

j Sam 

1 

I i MPbR ^ 

FEE .. 

-il KK t .} 

AVXIS 

I 

1.7 

40 

64 i 
64 \ 


....... f>o 

* 

2 1 

14 

100 

44 


placed in hot-water baths at 40°, 60°, and roo° C., respectively, for 2 hours. The 
activity of the several extracts was then tested (table 8). 'i’he heat did not change 
the amount of auxin in the samples under the conditions of the experiment, except 
at 100° C. 

Ether extr.action of four strains of Ustilago zeae 

Four strains of U. zeae were grown in a liquid bacto-tryptone medium. After 2 
months the mats of the fungus were removed from the surface of the culture medi- 
um and placed in wet ether for extraction. The ether was then decanted off, the 
mats washed several times with fresh ether, and returned to fresh ether for a sec- 
ond extraction. The ether was taken to dryness after each of the two extractions, 
and the extracts were tested for auxins. It was found that almost all the auxins 
were removed in the first 24-hour extraction period. When third extractions were 
made no auxins were obtained. This is in contrast to green tissues which continue 
to yield auxins, even after ten or more extractions. 

For another series of experiments the mats of the fungus were frozen and vacu- 
um dried and the material then ground to a fine powder. The powders were treat- 
ed with wet ether. Analyses show-ed the total auxin obtained to lie greater than 
the total obtained by treating comparable fresh mats with ether. Experience has 
shown that no auxin is obtained when dry ether is used in the extraction of the 
dry powders. 
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Strains 10J3, 10J4J loli, and loK^ were grown on two different media in order 
to determine whether or not different amounts of auxin could be obtained from the 
various strains grown on an organic bacto-tryptone medium, and also whether 
auxin ('ould be obtained from mats grown on a synthetic medium containing in- 
organic salts and dextrose but no proteins or amino acids. The four strains were 
grown for two different periods (2 months and 9 months) on each of the two 
media. The mats were then frozen and vacuum dried. Ten-mg. samples of the 
strains of the fungus grown on the organic bacto-tryptone medium were extracted 
with 20 cc, of wet ether. Eighty-mg. samples of the fungus grown on the synthetic 
medium were extracted at the same time. Table 9 shows that extracts of the four 

TABLE 9 

Activity of ether extracts from four strains of Us- 

TIEAOO ZEAE. EACH STRAIN GROWN ON ORGANIC BAC- 
'I'O-'FRVPTONE medium or ON SYNTHETIC MEDIUM 
FREE OF PROTEINS AND AMINO ACIDS 


Strain 

! Bacto-tryptone medium 

1 

SWTHETIC 

MEDIUM 

Two MONTHS 

I ON MEDIUM, 
UNITS OF AUXIN 

1 FROM lO-MO. 

1 SAMPLE 

Nine months 

ON MEDIUM, 

UNITS OF AUXIN 

FROM lO-MG. 

SAMPLE 

Two MONTHS 
ON MEDIUM, 

UNITS OP AUXIN 

FROM 80-MG, 

SAMPLE 

10J.1 , . . 

42 

200 

23 

loji 

10 

100 

32 

loll ^ 

8 

160 

4 

loKi i 

4 

60 

8 


strains differ in the amount of auxin which can be obtained by extracting the 
pow<iers. The extracts from the solopathogenic forms, except in one case, show a 
higher auxin content than the extracts from the non-solopathogenic ones. It can 
also be seen that auxin can be obtained from the fungus grown on the synthetic 
medium free of proteins and amino acids. 

The powders from the fungus grown on the organic medium, however, yield 
about eight times as much auxin as the same amounts of powders from fungus 
grown on the synthetic medium. In the experiments just described the mats 
alone were tested for auxins. The next step was to test the liquid media that had 
supported the fungus. 

Forty cc. of both types of liquid medium that had supported the mats of the 
fungus were dried separately in vacuo. The residues were dissolved in 2 cc. of 
water and mixed with 2 cc. of melted 3 per cent agar. The agar blocks for the 
Avena test were cast from this mixture. From both types of medium very active 



736 


BOTANICAL GAZETTE 


[j'UNE 

extracts were obtained. They were about equally auxinic. The sour(‘c of the auxin 
is not known. The organisms may synthesize auxin intracellularly, followcrl by its 
diffusion from, the cells into the medium, or the cells may |)rf)duce subst.ances 
which diffuse into the medium and convert materials in the nutric.mt to auxin. 
The fungus on the bacto-tryptone may convert the tryptophane* or otli{>r (uganic 
compounds (either intercellularly or intracellularly) into auxi!). In tlie case of the 
fungus grown on the synthetic medium in which dextrose was the onh^ organic 
substance, it seems likely that the auxins were produced intracellularly. Ihe func- 
tion of the auxins in the metabolism of the fungus, if they have any fimction, is not 
known. Perhaps they are katabolic products. 

Discussion 

Total auxin yields from frozen vacuum-dried powders from grouml tumors of 
corn smut, or leaves, or the fungus Ustilago zeae^ were higher than; from the same 
objects in the fresh state. The same findings have been reported for kidney l.}ean 
roots (lo), for legume nodules, and for crown gall of tomato. 1'himann and .Skoog 
( 20 ) noted that material which had been dried by heat gave a decreased yield of 
auxin, perhaps due to heating. 

The results of this work, and of the investigations just cited, indicate that water 
plays some role in the liberation of auxin from plant tissues. That its action is 
hydrolytic has been suggested (10). Skoog and Thimanh (15) have released 
bound auxin with proteolytic enzymes. Apparently any free auxin present in the 
living tissues is destroyed during the freezing and deh}^drating process, or is fixed 
during these processes, since none is removed with dry ether—in which it is solu- 
ble. 

The auxin from smut tumors is- highly soluble in water, much more so than in 
ether, and comparisons of exhaustive extractions made with the two extractants 
indicate that the process is more rapidly and completely carried out with water. 
During the slow ether extraction, perhaps much auxin is clestroye<i by {jeroxides 
and otherwise, explaining the higher total yields from the more rapid water ex- 
traction. 

. All the auxin is obtained from 17. zeae preparations in a single extraction with 
wet ether. This is in contrast to green tissues requiring ten or more extractions to 
obtain the same results. 

Strains of U, zeae produced auxin when grown either on a bacto-tryptonc medi- 
um or on a synthetic medium without proteins of amino acids. Auxins have been 
extracted from microorganisms grown on media containing amino acids or pro- 
teins (14, 7, 19, I, 9, 3, 3). Burkholder (2) demonstrated that Acrobaclcr aero- 
genes and Escherichia coli grown on glycerol-mineral salts-agar, in which the sole 
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soiiri'c of nitro^(‘n was either KNO3 NH^CL, produced auxin. Georgi and 
lii'aniN (^) re])orie(l the elaboration of growth substances by four species of 
Rhizohium and Barilliis radiobacler when the culture medium contained trypto- 
phane. llK.y found, however, that when mannitol was the source of carbon and 
thi? sole sourta^ of nitrogen, no active substances were produced in the 
medium. 

Solopathogenic strains of LI. zeae were found, with one exception, to produce 
more auxin than non-solopathogenic strains. This ability of the solopathogenic 
strains may l)(‘ correlated with the capacity of the former to encite tumors in corn. 
Lo('KE, Rikfcr, and Dugg.ar (13) reported that ior Bacillus radiobacler no con- 
sistent difference in the |)roduction of growth substances was observed between 
the virulent and the attenuated cultures. Georgi and Beguin tested virulent and 
attenuated strains of Rbizobiim and also found no correlation between patho- 
genicity and auxin yield. 

Haagen-Smit, Leec'h, and Bergen (6) have isolated crystalline indoleacetic 
acid from extracts of corn. This is the first time that this acid has been isolated 
from higlier plants, d'hese workers conclude that since the amount of the isolated 
acid was man}’" times greater than the auxin amount indicated by the normal ex- 
traction j)roccss, it represented a large part of the auxin present in bound (pre- 
cursor) form. I’hus it is likely that the auxin extracts of corn contained indole- 
acetic acid and probably other active substances. 

Differences in auxin content exist between smut tumors and similar regions of 
healthy tissues, the tumors being the more auxinic. Link has found that in all 
cases where tumor material has been compared with healthy, the former was the 
more active. In this connection Link and Eggers (ii) have recently reported on 
legume nodules and crown gall of tomato. 

The higher activity of the tumors could be due to {a) the metabolic activity of 
the pathogen, or (b) the activity of the tumor tissues themselves in response to the 
injury of the host cells by the parasite. It is clear that auxin may be one of the 
causes of the i)athological condition manifested by tumor production. 

During the last 5 yesivs many reports have appeared concerning the role of 
auxins in the physiology of plants. The only conclusion that can be reached from a 
review of the literature is that there is no simple relationship of growth-regulating 
substances to mctal>olism; apparently they play various roles, both direct and in- 
direct. In general, auxins are found in highest concentrations in regions of the 
plant that are young and actively growing, that is, regions where the metabolic 
rate is high. It is possible that the presence of large amounts of auxins in the tu- 
mors studied is correlated with the increased and abnormal metabolism of the in- 
fected tissues. 
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Summary 

I. The extraction of auxin by ether and by water from smut tumors of corn and 
other materials, frozen and vacuum dried, was studied. For a given w(?ight of 
smut tumors, water extraction yields the greater am,oimt of auxin. Dry elhtfr ex- 
tracts are not active. Water is necessary for the liberation of auxin (rom the tis- 
sues. Its action may be hydrolytic. 

2.. Smut tumors of corn yield auxin slowly with either water or ether extraction. 
The auxin is almost completely removed from the fungus, Usiikgo zcae, in one 
ether extraction. 

3.. Smut tumors from com. leaves or stems y.ielcl more auxin than healthy leaves 
or .stems. 

4. Strains of U. zeae grown on a synthetic medium containing neither proteins 
nor amino acids are able to produce auxin. 

5. Extracts of both types of medium upon which U. zeae had grown for 2 
months contained much auxin and practically the .same amount in ea<'h case. 

6. The pathogenicity of strains of U, zeae seems to be correlated with their 
ability to produce auxin in a bacto-tryptone or a synthetic medium. 

The writer expresses his appreciation for the many helpful suggestions and 
technical assistance given by Dr. G. .K. K. Link and .Miss Virginia. Eggers dur- 
ing the course of these experiments. 

Department of Botany 
University op Chicago 
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CARIIOHYDRATE NUTREFIOX OF KlflZOPrs Sl'INFS 


CYRIL J. CORUM 
(with onb fioukk) 

Introduction 

Many investigations have been reported concerning n‘lative suitability of 
different carbohydrates in supporting the growth of fungi. In no cast* was atten- 
tion paid to the purification of the sugars. Several observations on the effect of 
purification of a sugar upon growth of an organism uptui that sugar make this 
question an important one where nutrition of the fungi is coiK'enu;d. 

Perhaps the earliest work relating to this questi<.)n was that of W'ii.oncks f 14). 
In apparently pure sucrose he found a water-soluble substance indispensable for 
the growth of yeast which could be extracted from the sucri)se liV 80 ptu <'ent ah 
cohol. Funk and Freedman (5) determined that this substance could be removed 
from the sucrose by one recrystallization from So per cent ah'ohoL Ai j.isun and 
Hoover (i) reported that one recrystallization of commercial s\uTose from hot 70 
per cent alcohol removed most of the substance in the sugar which was ai live as a 
growth factor for Rhizobmnt trifolii. Extractions of the sucrose in a Soxlilet ex- 
tractor and evaporation of the extract to dryness gave a produil whiilq although 
it was 75 per cent sugar, caused increases up to twenty-live fold in tiie growth of 
R, trifoHi. Hall, James, and Stewart (6) reported that recrystallization of su- 
crose from 80 per cent alcohol resulted in marked reduction in the yeast croj) whicli 
could be grown by the use of this sugar. The ash obtaineil from pure sucrose caused 
no growth stimulation. 

Few observations have been made with regard to the effect of tlie purification 
of the carbohydrate upon the growth of true fungi. ScmmFKR (ii) found tliat a 
synthetic medium with purified maltose would not support growth of Phyromyres 
sp., but good growth resulted if Kahlbaum's maltose were substituted. According 
to ScHOPFER, it must be admitted that there is in the more impure sugar a sub- 
stance whose role is all important in the development of Fhya)niya\s\ In the light 
of present knowledge of the growth relations of this fungus, it is evident that at 
least one substance present as an impurity in the sugars must have l.)een vitamin 
Bj. Steinberg (13) refluxed sucrose in a Soxhlet extractor with 95 per cent alcohol 
for 6 hours, drying the sugar at 103® C. to remove the alcohol When Aspergillus 
niger was grown in a nutrient solution containing sucrose extracted in this manner, 
the dry weight production was reduced to 81 per cent of the original amount. 

Botanical Gazette, vol. 103] 
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STEiN"P4*-R<i aitributes this diniinished growth to the removal of zinc and molybde- 
num. Similar results were obtained when heavy metals were omitted from the cul- 
ture solution, Si'EiNBERG bclieves that growth increases obtained with accessory 
growth inattaials are due, at least partially, to the presence of heavy metals in 
these subslaiu:es. 

Material and methods 

1 wo methods of sugar extraction were used in these experiments. In the first 
method, ioo gm. of the sugar was stirred vigorously with 500 cc, of absolute alco- 
hol. 1 lie mixture was filtered with suction on a Buchner funnel and washed with 
an additional 500 cc, of alcohol The sugar was then removed from the funnel, 
placed in a large iieaker, and stirred with 500 cc. of ether. This was also filtered 
and dried until there was no odor of ether remaining. In the second method, the 
method just descrilied was preceded by extraction with 500 cc. of acetone, by fil- 
tration, and liy washing with an additional 500 cc. of acetone. In subsequent dis- 
cussion, these two methods will be referred to as the alcohol-ether method and the 
acetonc-ak'ohol-ether method, respectively. 

Liquid cultures were employed in these experiments. The medium consisted of 
various carl>on sources used in different concentrations. The mineral nutrient 


part of the culture solution consisted of: 

Ammonium nitrate o.iM 

Potassium dihydrogen phosphate o . 05M 

Magnesium sulphate o.oiM 

Ferric tartrate trace 


Infty-cc. portions of the medium were placed in 150-cc. Erlenmeyer flasks and 
sterilized in an autoclave at 15 pounds’ pressure for 20 minutes. Each flask was 
inoculated with 0.5 cc. of a spore suspension prepared by washing the surface of an 
agar slant culture with Ringer’s solution. Enough of the spore suspension was pre- 
pared each time so that an entire series could be inoculated from the same suspen- 
sion, After 8 days, the mycelium was placed on a previously dried and weighed 
filter pa|:)er, rinsed several times with distilled water, and dried in a hot-air oven 
at 95*^" (I for 48 hours. 1'he dried mats were removed from the oven to a desiccator, 
cooled, and weighed rapidly on a cliainomatic analytical balance. The fungus used, 
Rkkopus siiinus Xiels., was isolated by Christiansen (3) and described by Niel- 
sen (9). 

Experimentation 

Table i gives the data for the first series of cultures with the extracted dextrose. 
It may be seen that extraction of dextrose with alcohol and ether results in the re- 
moval from the sugar of a substance or substances which are in some manner 
growth inhibiting. Further, a preliminary extraction with acetone removes an 
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additional am,ount of the substance or substances, or some otlu*r substance. These 
results.were coniimied in a second series of cultures, this time involvin^ii; only two 
different concentrations of dextrose. Each figure for the avera.g(* mat weigiit i,n 
table 2, is the average obtained from twenty-four cultures. 

The data in table 5 and figure i show that extraction of tlu* galadost* aud dt^x- 
trose causes considerable increase in the weight of the rnyceliiun of Ah suinus 

TABLE I 


Effect of alcohol-ether and Ac:ETONrE-AL(’OH<>L-F;r!!ER exirai rH»\'s 

OF DEXTROSE ON OROVV'rH OF RHIZOIMJS St'iXlJS 


Concentration 

OF DEXTROSE 

Average mat \M.tiurr (nr,.) 

I'l Rt TS i 0.1. Ml 

rttS'lUish 

An ot.si w 

Ai.cniui.- 

1 no K 

ilO \il D 

UnEXTH ACTED 

j 

j 1 

1 AtCOHOE- 
: ETUKk EX- 
TRACTED 

i 

i 

; 4 AcETt.tNK 

j T RI ATMEST 

; A/.r’ftlftil.- 
ETllER 

tUi UK!» 

o.oosM 

,18 i 

1 19 

18 

lOf.i 

1 00 

o.oiM 

25 

26 

28 

104 ; 

1 'i 2 

0.02M 

39 

44 

4-2 

^'*3 1 

io8 

0.03M' 

49 

52 

58 

1 io6 ! 

.1 ,i H 

o.osM 

56 i 

63 

73 

! ; 

1 30 

0 . loM 

61 1 

1 68 

106 

; III 

1 74 

0 . 2oM 

79 

1 9S 

13S 

E 24 1 

1 7.1 


TABLE 2 

Effect OF extraction of dextrose on orowth of RHCZijRi.:s suixcs 



Average mat weight {mg.) ; 

iT:RiENT\GE 

of CONTROL 

'Concentration 

OF DEXTROSE 

Untreated 

1 A.1.CQH0E- 
1 ETHER 

ACETO'NE- 1 
ALCUHOE- 

KTHKR 

AtCOHOE- 

EDJER 

• A«:r,roNE- 

' AI.COIIUI.* 

ETli^lt 

0.02M. 

50 

55 

5 ^ 

i 10 

: ,1' ,i 2 

0.20M 

8 q 

m 

i . 

I3S 

j 140 

156 


which develops on the culture medium containing these sugars. In the extracted 
as well as in the iinextracted state, galactose appears to be definitely superior to 
dextrose, as a source of carbon for this' fungus. Horr (7), Edcjec’ombk (4), and 
Steinberg (12), however, state that galactose , is, a poor source of carbon for fungi. 
Table 4 combi.nes the results of several culture series. Only three concentrations 
of each sugar were used in these experiments. Blnough of each sugar was extracted 
to provide sufficient material for the experiments cited in the table. Eacli figure 
for the mat weight is the average for twelve individual cultures. 



TABLE 3 


KFFKC'F of extraction of dextrose and galactose on relative 

OROWI'H OF RHIZOPUS SUINUS ON THE TWO SUGARS 



Average mat weight (mg.) 

Treated 

Treated 

(.MNV’F.N'TRA • 

TIfiN OF 

sr(;AH 

Un- 

TKI'IATKD 

DFXTROSK 

Treated 

DEXTROSE 

Un~ 

TREATED 

GAL.ACTOSE 

Treated 

GALACTOSE 

DEXTROSE AS 

PERCENTAGE 

OF ra- 

TREATED 

GALACTOSE AS 

PERCENTAGE 

OF UN- 
TREATED 

0 o-’M' 

4.5 

43 

43 

60 

100 

140 

0 o,iM 

59 

61 

60 

75 

103 

I 25 

0 . 04 M 

64 

72 

72 . 

96 

II3 

133 

0 05M . . . . . 

67 

82 

88 

119 

122 

13s 

0 . roM . . , . . 

77 

104 

99 

166 

135 

136 

0 Ca M 

82 

124 

112 

182 

I5I 

162 

0 , :oM ..... 

85 

■135 

126 

197 

159 

156 



Fig. I.- 'Comparison of growth of Rhizopus suinus pxi treated and untreated dextrose and galactose 
a, treated galactose; treated dextrose; c, untreated galactose; untreated dextrose. 
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III all the cases studied, extraction of the sugars resulted in increasei! grf)wth of 
R, suims on the extracted sugar. The greatest increase was witli k.*vulose, where 

TABLE 4 


EFFBC'r OF FXI'RACTTON OF DEXTROSi:, SCCKfJSi:, Uai/FOSE 
OX OROWTH OF RlllZOFUS SUIN’US OX TinCSF ^FOSR- 


Sugar 

No. OF 

SERIES* 

. 

COHCEN- 

TRATfON 

Avr.k.un. ,n.\T wniojir 
(.no.) 

un- ; 

■' 1 RE.A'rW') 

TifEATEP j 

1 A I 

1 %■ 

rni Ml 

<»MWf 



h; 

0 . 05X1 

,24 

uii 

! 14 



2 ............ - 

o.OH 

()6 

107 

i J A 



. 3 t 

0.05 

78 

00 

} if.» 



4 

O' 05 

7 ” 

82 

1 54 



5 • * • ■ ■ 

0.05 

84 

94 

i 1 2 



1 . . 

0 10 

1 ^6 

173 

1 I 1 



0 

0 10 

1 1 •‘i 

I 

I ,f 7 

Dextrose 


. 3 t 

0. 10 

104 

uS 

! ! 5 



4 

0 . 10 

1)8 

1 1 f > 

1 1 8 



- 

0, 10 

u8 

1 3 t:| 

! '18 



I 

0. 20 

172 

■l«i2 

f 1 2 



2 . 

0. 20 


14B 

I f 2 



st 

0.20 

135 

.4S 

1 10 



4 

0 , 20 

121 

L 55 

1 1 1 



.5 

0.20 

140 

i 9 o 

1 1 i} 



r I 

0,05 

t - 

La 

17 

114 



2 

0.05 

1 2 

C 3 

1 1 1 



I 

0 . 10 

40 

47 

: uH 

Sucrose 


2 

0.10 

34 

i 41 

■| 20 



I 

0.20 

80 

i f)2 ^ 

1 'I ,'5 



2 

0.20 

87 

j 

■i 1 1: 



f I 

0.05 

73 

1 10,:^ 

142 



2, ........... . 

0.05 

67 

1 78 

115 

Levulose 

-I 

I 

0.10 

99 

1 W 7 

j 1 28 



2 

0. 10 

99 

n 5 : 

I l 9 



I 

0.20 

149 

1 88 

1 2/> 



. 

0 

d 

131 

i 1 9 1 

t L 3 


* Individual series with corresponding numbers made at same tinu* and int«n}|ated fr^in 
same spore suspension. 

t Recrystallized from alcohol^ rather' than esrtracted. 


the average increase over the control was 22-28.5 pcr cent. Jiulging from its ap- 
pearance, levulose was the most impure of the sugars. 

The sugar used in series 3 was purified differently from that in the other four 
series. The dextrose was dissolved in as small a volume of hot water as pos.siblc, 
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and enoiip;!! 05 per cent alcohol was added to make the final concentration 80 per 
cent, llic solution was then stored in a cold place for 24hourSy during which time 
crystallization oi the sugar took place. The supernatant alcohol was discarded, 
and the dextros(.‘ was dried. The results were not appreciably difiierent from those 
obtain(‘d by extrad.ion with the various solvents. 

Sin(‘e extrac'tion or recrystallization of dextrose and other sugars resulted in an 
increased growth of R. suinus in the culture series in which the treated sugar 
served as the (Xirbon source, it is evident that in the extract there must be a sub- 
stance or cf>mplex of substances that retard assimilation of the sugar. Several at- 
tempts were made to determine the nature of this material. The first attempt 
was to ol)tain the extracted substance in a concentrated form. The extracts from 
100 grn. of dextrose (1000 cc, acetone, 1000 cc. alcohol, and 500 cc. ether) were 

TABLE 5 

lOU' KC ’r OF ADDITrON OF VARIED AMOUNTS OF 
DKX rROSE EXTRACT TO CUmURE MEDIUM 
UPON (iKOW'rH OF RHIZOPUS SUINUS 


Amount of 
'EXTRACT (cc.) 

Average 

MAT 

WEIGHT 

(mg.) 

Percent- 
age OF 

CONTROL 

Amount of 

SPORE FOR- 
MATION 

0 

74.6 

100 

Slight 

I 

105.9 

142 

Slight 



139. 8 

187 

Moderate 

5 

153 -8 

206 

Heavy 


evaporated to a small volume (100 cc. each) over a steambath and stored in a cold 
place until a large part of the dissolved sugar had crystallized. The three super- 
natant liquids were then combined and evaporated to dryness over the steambath. 
The dry residue was made up to 100 cc. in distilled water, so that each cubic centi- 
.nieter of the extract contained the substances derived from i gm. of the sugar. A 
culture series containing 0.05M extracted dextrose, with from none to 5 cc. of the 
extract added, was inoculated with a spore suspension of i?. suinus. Ten replicates 
of each concentration of the extract were used. The results are shown in table 5. 

From the behavior of the fungus with respect to spore formation when different 
amounts of the extract were added to the culture medium, it was thought possible 
that at least one of the substances present in the extract was vitamin Bx (thiamin). 
This supposition was based upon the behavior of agar plate cultures of R. suinus 
when synthetic vitamin was added to the medium. This work is to be dis- 
cussed in detail in a forthcoming paper. 

Barger, Bergel, and Todd ( 2 ) and Jansen (8), among others, have shown that 
cautious oxidation of vitamin Bi yields a yellow pigment, thiochrome, which shows 
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a blue. fluorescence under ultraviolet light. A qualitative nic.tJiod for tiu* deter- 
mination of the presence of vitamin Bi was used as follows, based on Iht- nietluKl of 
Barger et aL, for the formation of thiochrome. 

To a solution of vitamin Bi hydrochloride in r-‘2 cc. of ali'olml is addi‘d 2 of 
15 per cent potassium hydroxide in methyl alcohol and i cr. (jf an aqm^ous pr>tas“ 
siura. ferricyanide solution. To this mixture is added 10 cv, of butyl alcoluT and 
the whole is shaken for about 2 minutes. The yellow pigment is st*parated in the 
butyl-alcohol layer and may then be tested for ultraviolet rtiKuesceiu'e. 

Using syntlietic vitamin Bx in ethyl-alcoho! solution, a fairly strong thi(jri‘S('(‘iicc 
was observed when i cc. of ao.oi per cent solution of thiamin to. i ing.i was used. 
The oxidation was tried on the water solution of tht‘ <iextrosi* c‘xtra<1, but tht‘ re- 
sults were doubtful, since any fluorescence prc‘sent, was weak, and at the time.^ of 
this particular experiment, suitable filters were not available. 

The original methods of Barger et al, and of Jansen call for t ust* of a methyl- 
alcohol solution of the vitamin or of the material sus{>ected to (‘nntain t lie vitamin. 
To obtain a critical test for the presence of vitamin Bi in the sugar, a loo-gm. sam- 
ple of dextrose was treated for .several hours in a Soxhkd extra<inr with alisolutc 
methyl alcohol. The extract was then evaporated oxvv a steambath in aiiout 25 
cc. and allowed to cool. A large part of the sugar dissolved b\' the text rad ion proc- 
ess crystallized out. The supernatant liquid was further concentrated to jo cc. 

Oxidation of the extract with alkaline potassium ferri('yanid<‘ was cxirried out as 
already described. The resulting butyl-alcohol layer showed a yellow (’oloralion, 
so that it was necessary to confirm the results by demonstration of ultraviolet 
fluorescence. The source of the ultraviolet was an 85-watt <|uartz meuxury va|>or 
lamp. In the opening in the lamp housing was placed a doming 597 filter for trans- 
mitting the ultraviolet. When a Corning Noviol-A filter was superimposed upon 
the 597 filter, practically no light was transmitted. When the two filters were sepa- 
rated and the tube containing the yellow-colored luityl-alcohol layt^r was j>laced 
between them, a distinct blue color was observed through the Xoviol filter, ciemon- 
stratiiig the presence of thiochrome. Vitamin Bx is therefore present in the reagent 
grade dextrose. 

Robbins and Kavanagh (10) showed that Rhkopus nigneans^ both the plus 
and minus strains, grew satisfactorily in a liquid medium of mineral salts, aspara- 
gine, and dextrose, but its growth was materially reduced by the addition of 1 
p.p.m,. of vitamin Schopeer (ii) had previously shown that various Mkizopus 
species, including R, showed Reduction of growth when small amounts of 

vita,min Bj were added to the culture medium. This line of evidence is consistent 
with the present finding that extraction of the sugars in the manner described 
(with consequent rem,oval of traces of thiamin) results in increased growth of the 
fungus oil the extracted .sugar. In table 5, however, it may be seen that growth of 


CORUM— RHIZOPUS 


747 


1942I 

the fungus is roughly proportional to the amount of the concentrated extract added 
t(j tile culture medium. A further extensive culture series was set up in order to 
coullrin these rather striking results. A second dextrose extract was prepared and 
evaporated to dryness. 1'o be sure that the increased vegetative growth upon addi- 
tion of the extract was not a result of the dextrose contained in the extract, two 
precautions were taken. The sugar concentration of the medium was increased to 
o.ioM , and sets of cultures were used — each having an amount of 1.25 per cent 
dextrose solution added erjual to the amounts of the dextrose extract used. The 
weight of the evaporated dextrose extract was 1.25 gm., and this was made up to 
100 cc. with distilled water. Culture flasks were also prepared in which the culture 


TABLE 6 

ICM'Kct of dextrose extract and of vitamin Bi on growth 

OF RniZOFUS SUINUH ON DEXTROSE 


Tkeatmkmt 

Avekagi: mat 

WEIGHT (MG.) 

1 

Percentage 

OF CONTROL 

] 

Percentage 

OF CULTURI'IS 
i WITH 1 . 25 % 
DEXTROSE 

SOLUTION 

ADDED 

Spore forma- 
tion 

iLXlnirU'ti doxtroinu 

1 77.5 

1 123.0 

100 


Weak 

I CC, uxlract . . . 

160 1 

153 

Weak. 

4* ^ cc. extract 

1 ^ 95- 4 

252 

202 

Moderate 

4- 1 cc. extract. 

•4 1 p.p.b. thiamin . 

■4-1 p.j>.m, thiamin. ...... 

4*1 cc. I. .>15% dextrose. . . 

219-9 1 

69.5 i 

5 h .9 

80.6 

284 

90 

73 

104 

227 

Heavy 

Moderate 

Moderate 

Weak 

4*.^ cc. i. 2 S% dextrtfse. . . 

1 96 . 5 

125 


Weak 

4-5 cc. dextrose. . . 

^ 96.7 

■i. 

125 


Weak 

i 


medium contained i p.p.m. and i p.p.b. of vitamin B,. The results of this experi- 
ment are shown in table 6. The mat weight figures are the averages of ten cul- 
tures. 

'Fhe concentrated extract of dextrose is shown to have great influence on vege- 
tative growth and spore formation. Vitamin B, has a mild growth-retarding effect 
and a strong favorable influence on the formation of spores. Finally, in the cul- 
tures to which the 1.25 per cent sugar solutions were added, only a small part of 
the growth increase caused by the dextrose extract could be a result of the actual 
dextrose present in the extract. In an attempt to learn something of the nature of 
the growth-promoting material in the dextrose extract, the following procedure 
was adopted: 

One hundred gm. of dextrose was ashed. The small amount of ash was dis- 
solved in a small amount of hydrochloric acid, neutralized with sodium hydroxide 
with phenolphthalein as the indicator, and made up to 100 cc. with distilled water. 
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A culture series was set up, with o.ioM dextrose as the carhon snurce, and differ- 
ent amounts of the solution of ash elements were added to the medium, d'en 
replicates of each concentration were used. 

Table 7 indicates that there are present in reagent-erade dextro.se noiivoiatile 
constituents (heavy metals) whose presence result.s in inereaseil dry weight pro- 
duction by R. siiimts. Possibly the growth relations of tliis fungus upon dextrose 
may be summarized in the following manner: 

Reagent-grade dextrose of the brand used in these experiments contains traces 
of vitamin Bj and small amounts of ash elements. The demonstration of other pos- 
sible organic impurities is a matter for future consideration. The mini'ral elements 
cause increased growth of R, suinus, while vitamin H, t-auses decn.'ased growth and 

TABLl'; 7 

Effect of ADunuoN’ of dextrose T(i cci.-i uke 

.VIEDIU.VI UPON UROWTH Ol' RlUZOt'C^ 

HCl.NUS O.N DEXTROSE 


Amount of ash 

SOLUTION ADUEt) 

AvERAtiK MAT 
WEHUIT (MG.) : 

Aol. : 

♦ 0" UN~ ; 

IRKATI.O 

OtNTHtfL 

Spore 

FOMM.ATPIN 

0 

100 ‘ 

‘ 100 I 

Slisihl 

I . 

144 

144 

Sliglil 

3 

l6c) : 

Khi 

Slight 

S'* 

198 

H)8 

i Slight 


increased spore formation. It is suggested that the increase in growth tar the dex- 
trose which has been extracted with acetone, alcohol, and ether may be explained 
on the basis of the following facts. Removal of the vitamin B, eliminates the 
growth-retarding effect which has been demonstrated by Roitmxs and K.w.i.xagh, 
ScHOPFEE, and the writer. This removal tends to cause increase in growth. The 
absence of spore formation would mean that a certain amount of energj- and mate- 
rial, normally utilized in the production of spores, could be utilized in vegetati\T‘ 
growth. This would counteract the unfavorable effect of the extraction process on 
growth of the fungus resulting from removal of heavy metals from the sugar, ('on- 
centration of the active agents which follows with concentration of the dextrose 
extract probably influences the effect of the heavy metals more than the effect of 
the vitamin Bj. Thus, when the concentrated extract is added to a culture, the 
effect of the heavy metals present more than balances the effect of the thiamin, 
and the result is augmentation of growth. Possibly the growth-retarding effect of 
vitamin B, is a corollary of the tendency of the vitamin to predispose the fungus to 
spore formation. 
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Summary 

1 . lOxtrcU'lion of dextrose, levulose, galactose, and sucrose with acetone, alcohol, 
and ether resulted in increased mycelial production by Rhizopus suinus. 

2. ICxt faction oi dextrose with alcohol and ether resulted in increased mycelial 
production l)y this fungus. The increase was not so great as with the acetone-alco- 
hohether extraction. 

3. Recrystallization of dextrose from 80 per cent alcohol resulted in growth 
augmentation of about the same magnitude as that which resulted from the ace- 
tone-alcohobether treatment. 

4. Idle presence of vitamin Bj (thiamin, aneurin) in reagent-grade dextrose was 
shown by the thioclirome oxidation method. Removal of traces of vitamin Bi from 
the sugars during the extraction process is possibly the cause of the growth phe- 
nomena, 

5. 'llie extract of dextrose contains a substance which, when concentrated by 
evaporation, pronujtes the vegetative growth of R, suinus if it is added to the cul- 
ture medium. The substance was demonstrated, by growth experiments in which 
the nutrient solution was supplemented with the ash obtained from the unpurilied 
dextrose, to be an ash const it uent. 

6. Under the conditions of the extraction, the removal of vitamin Bi would be 
more extensive than the removal of the ash constituents, the influence of the re- 
moval oi the thiamin consequently being more effective in increasing the growth of 
R. subiHS than the removal of the small amount of ash constituents in decreasing 
the growth of the organism. When the extract is concentrated, however, the in- 
fluence of the ash elementfs) on mycelial production is much greater than the in- 
fluence of the vitamin lU, and the result is growth augmentation. 

The writer wishes to express his gratitude to Dr. B. M. Duggau, under whose 
guidance these experiments were carried out. 
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FOREST SEQUENCES IN THE NORTH CENTRAL STATES 


PAUL B. SEARS 
(with six figures) 

Introduction 

'I'liis pai)er {)resents fifteen pollen profiles from as many peat deposits in Illinois, 
Indiana, and ( )hio, only two of which— Bucyriis and Mud Lake (Ohio) — 

hav<* lK‘en j>n‘vioush' iiuhlished. These profiles have been prepared to show only 
the relative fluctuations eight forest genera and one family, Betulaceae. 



The ir)(‘ation of these deposits is indicated on the map (fig, i) and again on each 
legend (figs, 2 - 6 ). Depth of samples analyzed is indicated by solid bars in each 
column, aiid by depth scale at the left. Length of bars represents relative per- 
centages; l)iit for more graphic comparison, bars are centered on scale instead of 
starting from zero point. In each graph, Roman numerals indicate corresponding 
stages. 

A number of the profiles have been truncated by fire and cultivation. Others 
have been condensed because of drainage. , Sedimentation began much earlier in 
some than in others, as is evident by noting positions relative to glacial retreat. 

[Botanical Gazette, vol. 103 
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Fig. 2. — Pollen profiles of important forest compr)iu?nts, i»r)gs 1-4 
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Ho, 5* Michigan, Washtenaw County, Mud Lake Sog, 



Ho* 6, Michigan, Macoob County, Mt. Vornon Bog, 

■■ , a,! I rs ' 

5 No, 7, Michigan, Sanilac County, Caraonville Bog, 

Fig- 3.— Pollen profiles of important forest components, bogs 5-7 
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Fig. 4.“-“Polien profiles of importan-t forest components, hogs S-^io 
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B'ig. 6.— Folien proftks of importoot forest co,m|KnK*ots, hntrs 
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Observations 

1. Ai’KtiKA 'I'his pro: file was secured from material in which mastodon 

rc'rnains were [(Uiiid. It re])resents an early segment of postglacial time and shows 
a striking increase of pine at the expense of lir and spruce. 

2 . F>acon\s Swamp. 1 'his proiile shows a brief maximum of beech following 
spruccA and |)ine. Beech gives way to birch-oak, followed by oak-hickory. 

Xukvina. BtKC 11 us proiile shows pine reaching a maximum, then beech, 

fol!o\vt‘d by oak-hickory. I'he top of this deposit has been destroyed. 

4. Oakvhj.k IUh), 11 hs is an old deposit, truncated and condensed. The 
shift from lir and spruce to a sharp pine maximum is evident. The next shift, from 
pimr to oak, is jnarked by a faint interval during which beech is at a maximum, 
although ncviu abundant. Kim behaves like beech. 

5. Mko Lakk (WASH'rKN’Aw) Bog. — T his is essentially post-coniferous. The 
preseni'c of b(‘ech and hemlock at the bottom, with oak minimum, probably corre- 
sponds to the end early beech maximum noted elsewhere. 

0, M r, I'khn'on Bug. This is likewise post-coniferous. Early and later beech 

sIkjws maxima, inversely correlated with oak and hickory. 

7. ('ARSi)KViLLi': Bug. This condensed deposit has been severely burned and 
drairiecL It begins with pine and oak maxima, followed by a beech maximum 
which is tenn:)orary. Beech yields to oak and hickory; but pine, birch, and hem- 
lock remain as important constituents. 

8. Men Lakk ((’hi::boygan) Bog. — This corresponds to a deciduous period 
farther south. Spruce, pine, hemlock, and birch are found throughout. Tempo- 
rary displacement of hickory, oak, and beech by spruce and hemlock is notable, 
near tlie micidle of the profile. In position this corresponds to the second (upper) 
beech maximum shown in certain other profiles. It suggests cooling. 

9. Brrvkrs Bcxn—l'his has been previously published (5). It shows in striking 
fashion the shift from fir and spruce to pine evident in the other early profiles of 
this report. 

10. LuNis Lakic ]h)G.— "Here is a sharply marked pine maximum, following the 
waning of lir and spruce, and some distance above it a definite maximum of beech, 
rei)laced b\' oak and hickory toward the top. 

11. Mvi) Lake (Ohio) Bog.— This has been previously published (6). At the 
base is a telescoped record of shift from fir and spruce to pine, oak, and hickory. 
Above this is a brief but striking maximum of beech, giving way to an equally 
striking but more prolonged dominance of oak and hickory. In the original report 
the waning of hickory near the top and the increase of other species, not here in- 
cluded, was interpreted as an increase of mesophytism in recent times. In view of 
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llie other profiles here presented, however, it may be questioned whether this was 
justified. 

12. t\‘VM»KK L.\ke Bog.— Here the pine maximum, marked l)_v disappearanci; 
of fir and waning of spruce, is definite. Above it is the beech ma.ximum, charai'- 
teristie elsewhere and followed by a maximum of oak and hickory. .Above this the 
cycle is again repeated, with a second beech maximum, followed once mon.* by 
oak and hickory. 

13. Canton Bog.— This is very near the glacial limit. No tir is showing, but 
pine-oak maximum, followed in order by beech, oak, and hickory. 'I'he top {»f this 
deposit has been cultivated and doubtless also burneil. 

14. Mog.adore Bog. — T he top is likewia* destroyed, but the .shift from lir to 
pine maximum is definite; likewise subseciuent beech maximum, followed by oak 
and hickory, 

15. Fern Lake Bog. — Pine-oak maximum is very delinite, with suliseqiient 
beech maximum, giving way to oak and hickory. 

Discussion 

Bog 8 lies in a region of coniferous forest. The remaituier are in a region now 
characterized by deciduous forest — save no. 7, which is intenm-diate in position. 
Records of a formerly coniferous forest are present in all Inil nos. 5 and 6. In 
every instance this coniferous period was terminated fiy a strongly marked pine 
maximum. This is least marked in nos. 2 and ii. There is a concurrence of oak 
(often with hickory) and pine in nos. 3, 4, 7, ii, 12, 13, 15, ami it is suggested in 
other profiles. 

The pine maximum develops at the expense of fir in nos. i, 4, 9, lo. ii, 12, 14, 
and 15; at the e.xpense of spruce in nos. i, 3, 4, 9, 10, ii, 12, and 15. 'fhe conclu- 
sion seems warranted that fir and spruce forests were replaced by piru*. Spruce 
appears to bridge the transition from fir to pine, tlenerally speaking, this sug- 
gests a lowering of the degree of mesophytism. The usual order of succe.ssion is 
from pine to fir and spruce. This interpretation is strengthened by two circum- 
stances: (a) the concurrence of pine and oak noted in the preceding paragrajih 
and (b) the fact that the first pines to be represented are Pinus hiiiiksiaiia and 
F. resinosa. P. strobus, the most mesophytic, Is most abundant toward the eml of 
the pine maximum in the profiles studied. This is not shown in the diagram.s. 

Following the pine there is an increase of beech in nos. 2, 3, 4, 6, 7, 10, 1 1, 12, 
13, 14, and 15. No. 1 shows the first appearance of beech at the pine maximum, 
but the record is truncated above that level. No. 5 begins above the pine maxi- 
mum, and the only beech in the profile is at the base. No. 8 is not comparable, 
being in the coniferous region, while no. 9 has no beech and is truncated below the 
level at which beech probably first appeared. In every instance except these four, 
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the beech increases to a maximum, then decreases in favor of oak and hickory. 
l'h(; l)ehavior of beech suggests an increase of mesophytism, followed by a lessen- 
ing similar !o that involved in the shift from fir and spruce to pine. 

Frofih's 2 , 6, and 12 show a second maximum of beech above the first. But at 
tlu* top, all profiles extending through deciduous time (nos. 2, 5, 6, 10, ii, 12, and 
13) agree in .showing a dominance of oak and hickory over beech. So far as beech 
iiiflicates tnesophytism, the present or recent past is a time of reduced meso- 
phytism. Here again no. 8 is regarded as anomalous, being in a different environ- 
ment. 

('nwi.K.s (3) emjiloycd the term retrogression to designate a lowering of the level 
of rnesoj)hytism in a community. While chiefly concerned with this phenomenon 
in relation to physiographic change, he pointed out that it may be due to other 
factf)rs and specifically mentions climatic change as one. The normal course of 
suc(’cssion he recognized as being toward the greatest degree of mesophytism 
possibk' under existing conditions. Other terms applied to this phenomenon are 
regression, rejuvenation, and degeneration. The term employed by Cowles has 
the advantage of priority and clarity of definition. For this reason, although the 
writer is familiar with criticisms of the concept (2), he agrees with Cain (i) in 
accepting the term. 

The preceding discussion may therefore be summarized in the statement that 
twice during postglacial times there has occurred a retrogression in forest com- 
position in the north central states. The first was a shift from fir through spruce 
to pine ; the second a shift from beech to oak and hickory. Three of the seven pro- 
files which extend to the present show a second appearance of beech followed by 
a third retrogression. Whether this third retrogression was due to local causes, or 
to general causes whose operation was buffered in four of the seven profiles which 
extend through deciduous time, is not clear. 

In the observed course of plant succession, the movement is from less to more 
mesophytism. Relative stability is reached when the mesophytes present are able 
to reproduce themselves under conditions of their own domination. It follows that, 
if vegetation is rei)laced by that which is less mesophytic, a disturbance of the 
normal course of succession has taken place. Such a disturbance is implied in the 
two rather general instances of retrogression just described. Three obvious factors 
are involved in such a change. These are space, light, and moisture balance. Un- 
less new areas are being opened up to vegetation in the vicinity, a pollen profile 
that shows a shifting vegetation must indicate that the new kind or kinds of vege- 
tation are using the physical space occupied by the old. 

In general, the scale of increasing mesophytism is paralleled by an increasing 
shade tolerance, or a decreasing light requirement. So far as this is true, the possi- 



760 


BOTANICAL GAZETTE 


[JUNE 

bility of retrogression would appear to be limited so long as the iruiture dominant 
mesophytes remain alive and in place, whether they are n^jircKiueing or not, 

'Both of these circiimstances suggest strongly that retrogre^ssion from spnu.e and 
fir to pine, and later from beech to oak and hickor}', must, have; heem subsecfuent 
to the dying out, or killing out, of the more mesophytie forms. 

It is not easy to postulate any biotic process or physiographit' eluingi* so gnoKa'al 
in character as to account for such destruction and subse<|iK.‘nt retnigrt'ssion in the 
numerous localities involved. On the other hand, a less favr»rable wutvv balaiun* 
miglit produce just this result. Beech is notably sensitive to drouglit . Apparently 
the most reasonable explanation of the observed retrogn^ssion lies along this line. 

The postglacial history of the Great Lakes is well known and has lua^n mark(*d 
by lowering of the drainage level. Conceivably this might havt* resultr'd in periods 
of rather general lowering of the water tabic. In view, howe\'i*r, of tin* \-ariet,y of 
secondary drainage basins involved, the general low rerul of tiie regi<m, its gtm- 
erally adequate soil moisture before settlement, and partit'ular!}^ the continuous 
sedimentation within the basins studied, it may be doubt<‘d wluU her siuii rtn'iession 
of lake level would explain the retrogressions. On the ot!u‘r hand, tlu*si‘ wouhi be 
satisfactorily explained by periods of reduced humidity. 'Fhis exj^Ianation is eon- 
sistent with the presence of relict communities indicating one or more |>eriods of 
relative dryness in postglacial times (4). And it agrees with the interpretation of 
Mud Lake (Ohio) profile (6). In this paper the writer dassified the plants whose 
pollen was found on the basis of their supposed climatic signifieaiui*. 'File conclu- 
sion was readied that there had been tivo period.s of relative dryness, ccirresponding 
to those inferred from the present account of retrogressions. 

In another paper (7) the writer compared the types of pollen profiles from vari- 
ous parts of eastern North America. With the exceptif>n of no. 8, those dismissed 
in. the present paper represent the 'hleciduous forest,, central type’’ of the earlier 
report. 

■' On the whole, the bogs of this region show little evidence of recent ''climatic 
deterioration'’ in the sense of cooling and increased humidity following a post- 
glacial warm, dry, or xerothermic period. The evidence of this is much dearer in 
the coniferous region bogs extending from Minnesota toward the Atlantic', wIutc a 
maximum of oak is evident about mid-profile. This xerothermic' oak maximum 
may correspond to the 18-foot level of our present no. 8 in mirthern Michigan. 

The presence of 'belict’’ species and. communities, notably i)rairie, in the cen- 
tral deciduous area was responsible for the original hypothesis of a xerothermic 
period in. North America. There has been no.reason to assume that these western 
relicts were expanding aggressively at the-time of European settlement. Thvrc is 
evidence to the contrary (4). , So far aslt has been studied, the general trend of 
plant succession in this region is normal— toward increased mesoph^qism. Idiis 
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ma}' Ivdxv acc*t‘!eraie<l !)y the cooling and increasing humidity evident farther 
iiortli. Or it nia}- inert‘ly represent ecological recovery following the shock of the 
set'ond retrngn^ssion evident in the present data. In neither case does it appear 
to luivt* pr<Hlu('(‘(l any striking effect in the profiles here considered. More detailed 
study of |)roli!cs whielii are intact down to the present may shed light on this prob- 
lem. Mea.nwhik% the two periods of forest retrogression described appear ade- 
quate 1<» ex})lain the j^resence in the central deciduous region of species and com- 
munitit‘s of more contiiiental type than is now prevalent there. 

Summary 

1. Fifteen |>olU‘n profiles from bogs in the states of Illinois, Indiana, Michigan, 
and Olno aw. figured, thirteen of which have not before been published. All but 
one are in the ('entral deciduous region. 

2. 'I'ht* forest .sef|iience in these profiles shows two periods of retrogression, 
dlie earlier was a ndrogression from fir and spruce to pine. This was followed by a 
relative incnxi.se of beedp ending in a second retrogression, when oak and hickory 
iiuTcaised at tlu.^ expense of beech. Three of the profiles show subsequent increase 
and retrogression of beedi, but this does not appear to have been general. 

3. The two general periods of retrogression are assumed to have been due to 
climatic causes, producing a less favorable water balance. This is considered ade- 
quate U) i'xplain the pre.sence of xerothermic relicts in the central deciduous region. 

I'he analysis of Fern Lake Bog by Eva Gersbacher and of Camden Lake Bog 
l>y pRKSTox Smito were thesis problems. Much of the field and laboratory work 
was made possible by grants-In-aid from the Carnegie Institution of Washington. 

Obf.rijn Co ij j;r,K 
Obkrlix. Ohio 
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BEHAVIOR OF WOODY DESERT LEGUMES AT HIE 
WILTING PERCENTAGE OF 111!^ SOIL 

R. F. DAUB'ENMIRE AND H. E. CHARTER 
(with three figures) 

lutroductioH 

According to many students of soiLplant relationships at tlu! wilting p<*rf:t‘nlage 
of the soil, the most drought-resistant of desert plants as well as the most drought- 
sensitive mesophytes should face a physiological crisis in their wat(‘r eiTmomy at 
this point. In most mesophytes, such a crisis is easily recognized hy a wilting 
the leaf blades; but in many xerophytes, especially in st'ku'ophyllous and succu- 
lent species, this usual manifestation of loss of turgor is hu'king am! otluTs must 
be sought. Certain — if not all —of the woody desert Iegumc‘s of the Xortli Ameri- 
can deserts are among this group of plants not exhibiting the usual symptmns of 
wilting. 

Alway (i) planted woody desert legumes in metal containers, and after the 
plants were well established irrigation was withheld for a long pculod. He ol)- 
served that Prosopis veluiina, Acacia greggii^ and A, constrkin remain alive loiig 
after the soil moisture drops below the wilting percentage, and tliat during such 
protracted drought the tips of the shoots died, the lower leaves alisGssed, growth 
ceased, and the transpiration rate declined. In none of his experiments, however, 
did he attempt to correlate the relationship of these responses with the attain- 
ment of the wilting percentage of the soil and thus determine whether this i>oint is 
of any more significance to these plants than are lower moisture {xmeentages. It 
■was with this question in mind that the experiments reported here were under- 
taken . 

Material and methods 

Palouse silt loam, into which was thoroughly mixed a small proportion of sand, 
was used throughout the experiments, and cpiart-capacity motor-oil tins were used 
for soil containers (^^pots'O- Before planting, the leguminous seeds were either 
notched with a file or treated with sulphuric acid, and with such treatments they 
germinated promptly. Three species of legumes were used: Prosopis velutina 
WootyAcacia farnesiana Willd., and Lysilmna tkornheri Britt, and Rose, All ex- 
periments were carried out in the greenhouse during midwinter or late spring, as 
will be discussed later. 

The moisture content of the soil was'Erought mp to is:'per;eent,:a point well 
Botanical Gazette, vol. 103] [76a 
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above the wilting percentage, at the beginning of the experinnent/ This arbitrary 
percentage will subsequently be referred to as “favorable.” Each pot was weighed 
daily, and twice the amount of water necessary to bring the moisture to 15 per 
c(*nt was added. In this way the moisture content was kept fluctuating within 
narrow limits about the 15 per cent point, except in those pots where the plants 
Wt;re allowed to wilt. 

A special type of irrigating apparatus was devised and used in all pots. Four 
test tulies with holes blown through the bottoms were tied into a bundle, and the 
four members of each bundle were staggered so that when the apparatus was 
pla<‘ed in a vertical position in the soil, water added to each tube was delivered at 
a dilTenmt level One tube delivered water three-fourths of the distance down from 
the soil surface, a second delivered halfway down, the third one-fourth of the way 
df)W!i, and the fourth allowed water to trickle out just below the soil surface. 
Daily additions of water to each pot were divided equally among the four tubes, 
iheliminary trials with Prosopis indicated that this irrigation device is more effec- 
ti\'e in promoting rapid growth than adding all the water to the surface of the soil. 
Xo additional water was applied to compensate for the increasing weight of the 
plants as the experiment progressed. 

Experimentation 

The first series of experiments was directed toward the discovery of visible man- 
ifestations by the legumes of the attainment of that moisture level at which the 
leaf blades of mesophytes such as sunflower and wheat wilt permanently.^ 

ITom one to five leguminous plants were grown in each pot. After these had 
attained a height of approximately 20 cm., about five grains of wheat were also 
planted in each of the pots. When the wheat shoots were a few centimeters tall 
the surfac'es of the pots were sealed with wax, and after they were about 15 cm. tall 
irrigation was suspended. Wheat, which shows wilting promptly and unmistak- 
ably, was used only as an indicator of that point in the gradual depletion of soil 
moisture referred to as the wilting percentage. It was assumed that the root sys- 
tems of the leguminous and wheat plants growing in the same pot were so inti- 
mately associated that the moisture content of the soil would be depleted rather 
uniformly, and in consequence the water supply available to both species at any 
one time would be fairly equal. Observations of the degree of branching and the 
spread of root systems seemed to warrant such an assumption. . 

By ol}serving the plants closely, it was possible with this technique to discover 
what definite reactions, if any, would be exhibited by the legumes when the wilting 

* Hr* uM capacity (4, p. 370) of this soil was ig per cent and the moisture equivalent 17.5 per cent. 

* Perniancnt wilting is defined as a degree of wilting so complete that leaves will not regain their 
norma! uinviltcd appearance after 24 hours in a moist chamber (2). 
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percentage of the soil was attained. Attention was directed particularly to 
changes: ia) in. the ap|)earaiice of the leaf blades, (b) in the normal day a,nd night 
positions of the leaves, (c) in the rate of abscission, and ((/} in the rate of tiuininal 
growth of the shoots. 

As controls, an evenly matched series of pots containing legumes arui wheat 
were planted and treated identically, except that the soil moisture was maintained 
in the vicinity of 15 per cent throughout the experiment rather than allowing the 
soils to desiccate. This series served as a basis of comparisoii to evaluate ciianges 
in .appearance of the experim.ental plants. Also, these controls were net:essary to 
demonstrate that the phenomena noted in the experimental plants could not be 
attributed to increasing age, increasing root competition, poorer soil atnaition re- 
sulting from sealing the pots, or variation in greenhouse environment. 

A second series of experiments considered the effect of the attainment of the 
wilting percentage upon the rate of transpiration in the legumes. Inasmuch as the 
weighing method was employed to measure transpiration, the technitpie of inttfr^ 
planting wheat could not be used here, because the water loss of tlie wheat plants 
could not be distinguished from that of the legumes rooted in the same soil. As 
a result of the first series of experiments, however, manifestations of a condition 
which corresponds to permanent wilting had been observed in the legumes them- 
selves, and these could be used in correlating transpiration hiTavior with the at- 
tainment of the wilting percentage in pots containing only legumes. 

In these transpiration experiments the soil surface was sealed with wax after tlie 
legumes had attained a height of approximately 20 cm. Each [)ot was weighed 
morning and night. After determining the normal diurnal ami nocturnal rates oi 
transpiration during a period when soil moisture was maintained at a favorable 
level, irrigation was suspended. The march of transpiratif^i was tlun) follower! 
with reference to the development of symptoms of wilting such as were (lisco\a*red 
in previous e.xperimeiits. 

An atmometer was operated simultaneously on the greenhouse bench through- 
out this, second series of experiments. 

Results 

Changes in .a.;p.peae.ance of leaf bhades.— The leaf i)!ades of the Prosopis 
plants, which were rooted in the same pot with wheat, exhiifitecl no changes in ap- 
pearance as the wheat leaves attained the.state of permanent wilting and shortly 
thereafter died. Within a few days after the wilting percentage was attained in tlic 
Acacia pots, the leaves of this species had gradually assumed a dull, dead appear- 
ance and had beco.me so dehydrated as to become' brittle, ddie leaves of Lysilama 
remained fresh in appearance long after the wilting percentage was attained. Just 
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hiion* 1 !il‘ pinnules of this plant were abscissed, owing to extreme drought, they 
usuaJly turned bright yellow. 

(hlANanos IN NORMAL DAY AND NIGHT MOVEMENTS OP LEAVES. — So long aS 
Prosopis plants have access to an abundance of soil moisture, the pinnules regular- 
ly fold upward at night until paired pinnules are almost in contact with each other 
a,ho\x.‘ llu.‘ raciiis of the pinna. As drought becomes acute this nyctitrophic re- 
sponse gradually becomes irregular; certain pairs fold while others remain expand- 
(rd. hurihi‘rmore, this irregularity bears no correlation with day or night periods, 
and there was no consistency in behavior with different parts of the same plant or 
even with the same leaf, 

Xormally the junnules of Acacia fold upward together at night, and at the same 
time the pinnae and petioles bend upward, giving the shoot a fastigiate appear- 
ance, Wlum the wilting percentage is attained the leaves assume this nocturnal 
attitude and maintain it thereafter. The position of pinnae and pinnules in the 
daytime (lig. i) is therefore an excellent indicator of whether or not there is 
growth water in the soil, that is, moisture in excess of the wilting percentages. 

Under favorable moisture conditions the pinnules of Lysiloma also fold upward 
together at night and open widely at dawn. If insolation is not intense the leaves 
of this species remain expanded throughout the day; if insolation is intense, the 
mx'turnal position is resumed a few hours after dawn, even though soil moisture 
conditions are favorable. Whether or not the wilting percentage has been attained 
can be determined by observing the plants after sunrise but before the sun is very 
high, since tho.se plants which are rooted in soil which has reached the wilting 
j)ercentage do not open their leaves during this period (lig. 2). 

UiiANGES IN GROWTH RATE.— When the soil moisture became so depleted that 
wlieat wilted permanently, elongation of the shoots ceased abruptly in all three 
species. In Prosopis young leaves continued to expand somewhat after this point 
was reached, even though leaflets at the bottom of the shoot were abscissing rapid- 
ly, owing to drought. The behavior of this species is different from that of maize 
i>ki!its as studied by Davis (3). The growth rate of maize decreases with each re- 
duction of the soil moisture content below the capillary capacity and stops when 
the moisture content approaches a level of about 3 per cent above the wilting per- 
centage. 

Uhanges in rate of abscission, — Daily abscission records of the control series 
{table j ) showed that there is a slow continual shedding of pinnules in vigorously 
growing plants of all three species of legumes. In such plants the rate of develop- 
ment of new leaves at the shoot apex far exceeds the rate of abscission at the lower 
extremity, so that the total leaf surface increases steadily. When the wilting per- 
centage is attained, however, the production of new pinnules ceases and the shed- 




Figs, i , 2.— Fig. i , at left, wilted plants of Acmta cmstncki and wheat ; at right, plants of same species 
in unwilted condition. Fig. 2, at right, wilted plants of Lysiloma Ihmnhen and wheat; at left, unwilted 
plants of same species. Photograph made in early morning; a few hours later the pinnules on the unwilled 
plants of also folded together for the day. 
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ding of old oi\cs increases sharply (table i), so that the total blade surface is rapid- 
ly reduced. 'I'he method of recording abscission as the total number of leaflets 
dropped i>er day does not give as striking figures as would have been obtained had 
it been f{.‘asihlc to express abscission as a percentage of the total pinnules on the 

TABLE 1 

KECORO ok t'INNULES DROPPED ON CONSECUTIVE DAYS BY EXPERIMENTAL AND 
fONTROT, PLANTS. POINTS AT WHICH WHEAT WILTED PERMANENTLY INDICATED 
KV HORIZO.NTAL LINES. IRRIGATION IN THESE SERIES HAD BEEN SUSPENDED SEV- 
ERAL DAYS PREVIOUSLY. CONTROL SERIES IN EACH CASE CONSISTED OF PLANTS 
EVENLY MATCHED WITH EXPERIMENTAL SERIES FOR VIGOR AND SIZE 
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plant, for with cessation of growth, abscission resulted in progressive elimination 
of pinnules. Even so, the sudden increase in number of pinnules lost per plant was 
maintained as long as the plants were observed after the wilting percentage had 
been attained. The irregularities which appear in the records of abscission rate 
were occasioned when an entire pinna or leaf dropped, carrying a number of pin- 
nules with it. 
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IOn''K(T OF ATTAINMENT OF WILTING PP:RCENTAGE UPON TRANSPIRATION HA'ITL ■ 
'Fniiispiration experiments with Prosopis were carried out in I)eeein!)er and Jan- 
uary, during whic’h season the insolation at Moscowp Idaho, was ver}' feiT)U* aiul 
the photoperiod much shorter than that obtaining in the natural range of this 
spt‘(;ies. In an attempt to compensate for such abnormal illumination, a 7oo--wat,t. 
lam}), mounted under a reflector, w’as suspended i meter above the grecmhouse 
liench iipoii which these plants were growing. This supplemen tal illumination was 



Fig. 3 . -'-March of Irunspiralion, abscission, and evaporation durinj^ experifneuts with Prifsapis: *4, 
transpiration in grams per plant; B, average number of leaflets lost per f)lant; C, alniometric evapnraf ion 
in cubic centimeters. Alternation of night and day periods indicated at bottom of graph by alfernat ifia 
black and white lines, respectively. I^oint at which the last irrigation water v.as supplied is indiutteti liy 
broken vertical iine. 

employed daily from 7:30 a.m, to 7:30 p.m., at which times the morning and e\'t> 
ning weights of the pots were determined. 

In addition to measurements of transpiration and evaporation, a rt*cord was 
kept of the rate of abscission, which in the preceding series of experirruuits proved 
a good indicator of the attainment of the wilting percentage in all species td' 
legumes. 

Under conditions of favorable soil moisture and rather uniform illumination, 
the volume of water lost by Prosopis plants during the day was al)oui five tinu^s as 
great as the iioctiirnal water loss (table i; fig. 3), After ol'iserving this normal 
rh}'thm for 5 days, irrigation was suspended. The amount of moisture in the soil 
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at this lime faf)|)n>ximately 15 per cent) was apparently sufficient to allow normal 
fufirtioaing of the plants for about 5 more days, at the end of which the rate of 
al)seission suddenly increased and remained at a high level, and concurrently the 
rale ol diurnal transpiration decreased sharply (fig. 3). The significance of the 
ennromitam'c of these two observations is strengthened by the fact that there was 
no sharf) de(Tease in the evaporative power of the air or changes in illumination 
whicli could account for the sudden change in transpiration rate. The results of 
this (‘xperiment seem to warrant the conclusion that the normal rate of transpira- 
tion ifi ProsopLs cf)ntinues during progressive desiccation until the wilting percent- 
age is attained, at which time the water loss is abruptly reduced. These results 
an‘ in a('<:ord with those of Veihmeyer (5), who worked with young prune trees. 

Ender the range of evaporative intensities obtained in the greenhouse (fig. 3), 
transpiration af)i)eared not to be governed by the evaporative power of the air as 
dtdermined by an atmometer. In fact, transpiration was usually lowest when the 
evaporative rate was relatively high. Apparently transpiration was closely gov- 
erned by th(t amount of illumination. On the other hand, in the absence of wind 
currents and witli fairly uniform temperature, the evaporative rate depended 
chiefiy upon relative humidity, which was usually highest during the day because 
lilt* greenhouse was sprinkled in the morning. It would have been desirable in con- 
nection with these observations of transpiration to know the daily trend of stoma- 
ta! movement in the legumes, but the pinnules were so small and delicate that 
none of the methods of studying stomatal apertures known to the writers proved 
successful. 

Another notable feature of the transpiration behavior of Prosopis is that the 
nocturnal rate of water loss appears to be less dependent upon the existence of 
growl 111 water than does the diurnal rate, although under prolonged drought even 
nocturnal transpiration is strongly reduced (fig. 3). This may be explained by the 
fact that at the wilting percentage the plant continues to absorb water, although 
at a very slow rate, and this quantity goes farther toward meeting the demands of 
the feel)le nocturnal transpiration than of the more vigorous diurnal transpiration. 

Experiments with Acacia and Lysiloma were carried out in May and June, 
wlien, except for an occasional cloudy day, insolation was of sufficient intensity 
and duration so that no supplemental illumination was considered desirable. The 
1‘vaporation rate at this season varied directly with insolation and resultant tem- 
perature fluctuations within the greenhouse, the effect of the latter being so great 
that all other factors controlling evaporation were subordinated. 

The transpiration rate of these two species likewise varied directly with the 
strength of insolation so long as the soil contained growth water. At this season 
transpiration was so vigorous that growth water was exhausted within about a day 
after progressive desiccation started. As in Prosopis, plants allowed to dry out ex- 
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hil:)i,ted an abrupt decrease in transpiration, accompanied liy a rise in th<‘ curve of 
abscission, indicating that the attainment of the wilting percentage is marked !)y 
sudden r(‘ductinn in transpiration. These phenoniena were concomitant with the 
anticipated bcliavior of pinnules, and in consequence it may l:)e concluried that ilie 
results were essentially identical with all three species of legumes. 

Summary 

1. The wilting percentage of the soil has essentially the same significance in the 
water' relations of Prosopis veluPimj Acacia farmsiana^ and Lysiloma thornberi as 
in wheat. 

2. In contrast with wheat, the attainment of the wilting percentage in the leg- 
umes is not marked by a wilting of the leaf blades. However, the attainment of 
the wilting point brings about these changes in the legumes: (a) an essentially con- 
comitant increase in the rate of abscission, (6) deviation from the normal fiiurna! 
positions of the pinnules, (c) cessation of shoot elongation, and (d) sharp decTcase 
in the transpiration rate. 

3. Apparently the growth and transpiration rates of the legumes continue at 
approximately normal levels as long as the soil contains any water in excess of the 
wilting percentage. 

4. As long as the roots of the legumes have access to growth water, their trans- 
piration rates appear to be closely related to the strength of illumination and to lie 
unrelated to variations in the evaporative powder of the air, so long as the latter is 
not likewise controlled principally by insolation. 

Department of Botany 
University of Idaho 
Moscow, Idaho 
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PECULIARITIES OF THE INFLORESCENCE 
IN THE EUPHORBIACEAE 

LEON CROIZAT 
(with fourteen figures) 

T!u; cyathium of the Euphorbiaceae Euphorbieae is a structure unmatched by 
other inlloresccnces in the spermatophytes. It is the purpose of this paper to dis- 
euss certain of its aspects, concluding with a cursory review of the epicarp of 
Piycho pyxis, a genus which belongs to the same family if not to the same tribe. 
In a later paper attention will be given to the inflorescence of certain Celastraceae 
which suggests considerations of a general nature on the significance of flower- 
bearing axes, 

1. Cyathium of Pedilanthus 

Ihe cyathium of Pedilanthus consists of two chambers (fig. lA), one superior 
and smaller, containing a variable number of glands, the other inferior and larger, 
mostly tubular in its outline, holding the “ovary, that is, the 9 flower and 
numerous stamens which in reality are monandrous cf flowers. This “flower’’ has 
been interpreted and described by students of the Euphorbieae (Boissier in DC. 
Pro<ir. 15(2) :4. 1862; Millspaugh in Field Mus. Publ. Bot. Ser. 2:353. 1913) in 
a manner which is hardly satisfactory. For instance, Boissier concludes that the 
uj>{)er lip is merely an external cucullate appendage becoming saccate at its base, 
incliuiing the glands and having no communication with the “tube” surrounding 
the sexual organs. 

I'o elucidate the features of the cyathium of Pedilanthus which have proved 
emi,)arrassing to Boissier and Millspaugh, it is necessary only to tilt this pe- 
culiar inflorescence until the gynophore stands almost vertical. This done, it is 
necessary to suppose that the upper chamber is separated from the lower by a 
slight elo!igation of the pedicel. The diagram which figures the outcome of these 
assumptions (fig. 2) is strikingly reminiscent of the two-storied disposition char- 
acteristic f(jr the inflorescence of another euphorbiaceous germs y Dalechampia 
dig. 3). The floral structures of Pedilanthus and Dalechampia differ basically only 
as follows: ((/) in Pedilanthus the upper chamber contains a variable number of 
glands but no active sexual organs; in Dalechampia the upper chamber contains 
active cf’ flowers in addition to more or less evolute glands; (&) in the 

lower chamlier contains one 9 flower and numerous c? flowers; in Dalechampia 
the lower chamber is occupied by three 9 flowers only. On this basis, if the upper 
cliamber of the inflorescence of Dalechampia is deprived of its cP flowers and these 
y-i l [Botanical Gazette, voL 103 
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are placed around the central 9 flower of the lower cha!n!)er (the lateral ones 
being suppressed), the cyathiiim of Pedilanikus is seen to appear, The changes 
hypothetized here to effect a passage from the inflorescence of one to that of the 



. Figs. i-S.—Fig. i, inflorescence of Pedihinihus tUhymalmdes; /t, section tlwnigh cyathfurn showing 
upper chamber with two glands, lower with 9 dower (ovary) and monandrous [lowers f stamens?. Mg. 
diagram illustrating the presumed manner of formation of cyathiiiin of Pedihinlhus, the upper chamber 
being produced above the lower in the arrangement characteristic of tht* inOttresceni’e of Dalexhampia. 
Fig, 3, inflorescence of Dalechampia; , 4 , cp flower. Fig, 4, cyathiiim of PnlUanthu^ k'hum'iutus. Fig. 5, 
same of P. linear if oli us; A, section through gland. Fig. 6, diagram lllusl rating in,ipht>r!aoid cyathium 
(with several glands) at apex of main stem of Euphorhiu gmiaduta, followed ab<t\a‘ f>y pedtlanthtiid 
cyathium (with one gland) in, fork of first dichotomy of umbellaster. Fig. 7, B. dava: apex of main stem 
bearing falsely apical cyathium set upon extension of podaria of .main axis. Fig. 8, normal apex of main 
stem of E. clam, 

other genus are consistent with the morphology and the sexual expression of the 
Euphorbiaceae, a family which frequently yields monoecious, dioecious, or polyg- 
amous inflorescences in the same genus and even in the same species. 
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ihe theory that the appendix of the cyathium of Pedilanthus is homologous 
with the upper bract that incloses the androecium of Dalechampia, and that the 
sa(‘cate (ham her closed above by this appendix is actually a sterilized androecium 
but potentially a i- or 2-sexual inflorescence, invites the objection that the 
hypotluUh' elongation of the pedicel above and beyond the lower chamber (fig. 2) 
is not iij b(f taken for granted. Proof should be given that the stelar continuation 
of the pedi('e! reaches the upper chamber of the inflorescence. In view of this 
obji'ction it must be admitted that the matter does not seem to have received as 
yet the* attention of a specialized morphologist. However, a careful student of the 
vascular anatomy of the cyathium, of Euphorbia (Haber in Ann. Bot. 39:704. 
1025, 1 has (‘oncliided that in this inflorescence the glands are ‘^a pair of modified 
stH'ondary branches of a lateral inflorescence”; that is, the glands are primarily 
caulinar bodies, unlike appendages of foliar origin. Since the glands of Euphorbia 
are often set upon the rim of the involucre in a manner hardly suggestive of stelar 
bodies, while those of Pedilanthus are often found at the bottom of the cavity of 
the upper chamber, it is not imprudent to assume, until proof to the contrary is 
given, that the supply of these glands is a branch off that of the pedicel of the 
inllorescence. Such an assumption has in its favor broad phylogenetic and mor- 
j,>hological considerations, not less than the fact that the glands of Euphorbia and 
Pedilanthus are admittedly homologous. 

Two modifications of the inflorescence of Pedilanthus are worthy of notice. In 
P. khuacanus the tube is sharply truncated (fig. 4), the opening being almost verti- 
cal. I'he appendix is deeply cleft, and, so far as known, no glands are present in the 
upper chamber. The ovary is rounded as it usually is in Euphorbia^ not elongate 
as in typical representatives of Pedilanthus (for instance, P. tithymaloides) . In 
P, linearijolius the upper chamber is exceedingly reduced, appearing as a glandu- 
lar saccate fold on the side of the vertical, baglike involucre (fig. 5). The tendency 
inherent in the cyathium of P. khuacanus to depart from, zygomorphism with the 
concomitant reduction of the upper chamber suggests that a further evolution in 
this type of cyathium may yield a vertical, exappendiciilate and eglandular 
perianth, such as exists in the cf cyathium of E, plagiantha. This suggests that a 
shift in the position of the floral axes may have far-reaching consequences upon 
the nature of specialized reduced inflorescences. 

The cyathium of P, HnearifoUus, a species which some treat bs Cubanthus 
linearifolius, does not differ in its essential characters from the eyathium of 
Euphorbia {Poinseitia) piikherrima. Wo species agree closely in floral and 

vegetative characters and to all appearances are consanguineous. It is possible 
that the solitary nectary of the cyathium of £. pukherrima is not absolutely 
homologous with the saccate lateral appendage of that of P. linearijolius, and that 
the former is a much more reduced and specialized structure than the latter. Both 
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these “glands'’ have the Iiinction of hydatodes, however, which sets them physio- 
logically on a par; it should not be surprising that they differ in morphological dt;- 
tails, l)ecause relevant differences separate the various kinds of nectaries anri 
glands prevalent in Euphorbia, The glands of E, esula, E. jacqiiiniijlora, and E, 
Iridcntata arc most unlike, but differences of the kind are correctly interpreted as 
indic'ating little that has absolute value in a phylogenetic study. To judge from a 
sum of characters, P, Unearifolius and E. pulcherrima are the links connecting 
PedUmtkm and more distantly Dalechampia with tne aggregate of species com- 
monly treated by taxonomists as Euphorbia, The phylogenetic significance of the 
so-called section Poinsettia of Euphorbia is certainly greater than most taxono- 
mists appear to believe, as it is through this section that the prevailingly actino- 
morphic cyathium of Euphorbia can be connected in phylogeny with the zygo- 
morphic inflorescence of Fedilanthus, and “-more remotely— with the ancestral 
inflorescence common to all the Euphorbieae. In this connection it is intcuesling 
that the species of section Poinsettia are closely related with African and Aus- 
tralian forms in the vicinity of E, crolonoides and E, eremopkila, forming an aggre- 
gate (in the broad sense) that enjoys practically a pandemic range. 

In view of the position occupied by the species of section Poinsettia among the 
Euphorbieae, it is not surprising to find in these species dimorphic tyuthia of con- 
siderable interest. In E. geniculata, for instance, the primary main stem often ends 
with a cyathium that may have eight to ten glands; next above, at the first dichot- 
omy of the umbellaster, cyathia occur which are typical of the section and bear 
only one gland, being the same as those of E, pulcherrima, I'his peculiar arrange- 
ment (fig. 6) suggests that in the species of this section a progressive specialization 
takes place at different levels on the fiorigerous axes, the same species having first 
a eiiphorbioid cyathium (with more than four glands), tlien poinsetloid cyathia 
(with only one gland). Such a specialization, as has been noticed, also occurs in 
Pedilanthus (fig. 2 ), in which the lower chamber is sexually complete and iuTive, 
the upper sterile, and occupied only by relic bodies of the nature of glands. .More- 
over, the first cyathium to appear in species of Euphorbia outside of section Foin- 
settia is often unlike the cyathia that follow it. This iirst cyathium may be uni- 
sexual, have nearly free glands and lobes, and especially eight to ten glands and 
lobes instead of the normal number of four to five. In one species, E. capiinlaia, 
no umbellasters form, each fertile shoot being terminated by a single cyathium. 
This cyathium has a status and position closely corresponding to those of the iirst 
cyathium of other species of Euphorbia, It arises at the origin of the urnhellastiT, 
and, like it, has usually eight to ten lobes and glands, a pe<'uliarity which Schmidt 
has used to erect a monotype, DiplocyaUimm, Apparently a cyathium with four 
to live lobes and glands is not necessarily characteristic of the specic^s of Euphorbia, 
and the cyathia of this genus and of the Euphorbieae in general tend toward 
dimorphism. 
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In her study of the cyathium of Euphorbia, Haber has concluded (Ann. Bot. 
39:694. 1925) that the articulation of the monandrous pseudo-stamen of this 
peciiiiar inflorescence is “the receptacle upon which the flower is situated, and in 
function is similar to that of other receptacles.” Since the receptacle may be 
iuid(‘rstood as a region in which earlier growth comes to a stop and new growth 
begins, it is logical to suppose that a flower that is apparently terminal past an 
articulation is not necessarily apical. This flower may arise, in fact, from a meri- 
stem that is lateral upon the receptacle, occupying an apparent terminal position 
on the axis on account of the failure of the true apical meristem to develop a 
flower. An articulation, consequently, may be analogous if not homologous with 
tlie scar that marks the insertion of a scion upon the stock to which it has been 
grafted, and it is not surprising that it should be anatomically complex (Lecomte 
in Mus. Nat. Hist. Paris, Nouv. Arch., 5 ser. 2:i2i'“242. 1910). In theory at 
least, an articulation does not require that the axis come to an abrupt end, estab- 
lishiiig a sharp horizontal receptacle. It may form when a lateral meristem ac- 
quires pre|)onderant growth, as when, for instance, a lateral bud of Tilia or Ulmus 
l)tM'oin(‘s ‘Terminal” on the shoot on account of the dying-out of the apex of the 
bran<'hl(‘t upon which this bud is borne. The formation of an articulation may 
conser}uent.Iy be regarded as the result of a theoretical reversal in the normal ratio 
of develoj)ment l)etween the bud gap and the stele, the stele being ultimately dis- 
posed of by too continuous a proliferation of lateral buds. In the physiological 
sense, this happens particularly when dormant structures gain the upper hand 
against active ones at the end of a length or time of growth. There does not seem 
to l)e a sharp line to separate such true articulation, as that of the monandrous 
flower of Euphorbia, described by Haber, from the abscission layer and scar 
whtcli cmi a branchlet of Ulmus or Tilia next above a falsely terminal bud. 

The cyathium of Euphorbia is apparently terminal, and its pedicel does not 
exhibit a manifest articulation. It is very likely, however, that this cyathium is 
not t ruly apical. Euphorbia clava, a succulent which is often cultivated as an orna- 
mental, has main axes which normally do not bear apical cyathia (fig. 8), these 
!)eing carried upon lateral specialized florigerous axes. In some cases, however, the 
main stcmis taper to a peduncle-like end (fig. 7), crowned by a cyathium. Of 
course this cyathium is not truly apical, because it rests upon a structure of 
spirally ascending poclaria ( = decurrent succulent petioles) and is in reality an 
intercalary inflorescence (Parkin in Jour. Linn. Soc. Bot. 42:556-558. 1914). 
What seldom happens in E, clava normally takes place in E. capuUmedusaey m 
which all cyathia are borne upon peduncles of spirally ascending podaria. In a 
sf>c‘cies in the vicinity of E. clam (probably E, loricata) I have found by dissection 
that the bottom of the involucre actually slants upon the supporting axis, showing 
that the cyathium is not really apical Thus evidence is forthcoming that the 
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cyathia of the hhiphorhieac arc not necessarily and truly apical, despite their ap- 
pearing in a terminal position upon the axes. 

Once it is realized that these peculiar inflorescences are essentially intercalary, 
that is, that they become falsely terminal by the extinction of the axis which hear.s 



Figs, Fig. o, diagram illustrating components of cyathiiim of Eupiwrhin genknlfiUi: J, outline 

of gland occupying place of sexual organs in upper chamber {—upper chamber of cyathium of Prdilan- 
thus; see fig, 2 ). Fig. 10, illustrating presumed ancestral inflorescence of luiphorhiaceae Ktiplatrbieae: A , 
detail of glornerule. Fig. ii, Pavonia hasiata: diagram of flower in foitgisection. Fig. 12, Cirisiuniims 
decurrens: diagram of cf flower with pistillode. Fig, 13, showing po.ssible evolution of the cf flower f)f 
C. decurrens by return to functionality of 9 organs and persistency upon the ovary of sterilized stamens 
(- staminodes or processe.s of glandular nature). Fig, 14^ flow^er of Piyck^pyxis thwailesii (Pmimirma 
/fez/tew) shelving presence of actual glands on epicarp. 

them in a lateral position, it is not difficult to reconstruct the hypothetical ances- 
tral inflorescence which gave origin to any and all forms of cyathium, that of 
Pedilantkus together with that of Poinsettia and Euplwrbia. I'he dimorphic 
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cyalhia of A. genkiilata (iig. 6), for instance, may be homologized to three lateral 
inflor(*scences (Jig. 9). Of these three, one yields an euphorbioid cyathium by the 
sinipkt f)r<K:ess of fusion of glands and bracts (lobes), four to ten glands becoming 
adnale and alternate with as many bracts. On the contrary, the pedilanthoid 
e\‘aihiuni with one gland is iormed by the specialization and subsequent fusion of 
two inllort‘S('enc(?s in a manner characteristic of Pedilanthus (figs, i, 2). In brief, 
tlH‘ dimorphism observed in the cyathium of the Eupliorbieae in general is the 
result, of the specialization of the inflorescences ancestral to the cyathium, these 
intlores(‘ences becoming cyathia either as single units or by fusion of two units, it 
!)eing probable that the euphorbioid cyathium with many glands arises from one 
inflorescence ami the pedilanthoid cyathium with no apparent glands or one gland 
from the fusion of two inflorescences. The fundamental units in all these inflores- 
cences are the following: (a) a central 9 flower with a much reduced caly cuius; 
{b} a varialjle number of cf flowers, with or without a calyculus, bearing one to 
several stamens; (c) glands representing abortive cf flowers; (d) a variable number 
of appendages. On this basis the ancestral inflorescence of the Euphorbieae and 
Dalechampieae, and possibly of the Pereae, might have resembled the inflores- 
cence shown in figure 10. Such an inflorescence is aptly described (Baillon in 
Adansoiiia 6:354. 1866) as being composed of “Cymes pluripares a fleur fem.elle 
ccfiitrale,’* and some of its earliest stages may not have been altogether different 
from the floral arrangement of Longeiia btixoides as defined by Baillon. All these 
inflorescences relate back to the capitula of the Tiliaceae and to the cymes of the 
!^Ialvaceae, modified by sexual specialization and by extensive fusion among 
partial inflorescences and single flowers. Thus the phytogeny of the inflorescences 
of the Euphorbieae confirms what is known on the strength of other evidence, that 
the Euphorbiaceae and the Sterculiaceae are closely related, both families arising 
from the malvoid ancestral group as a case of sexual specialization. 

IL Epicarp of Ptychopyxis 

The corolla of malvaceous flowers is described in most textbooks as dialipe- 
talous. This is erroneous, as the corolla in these flowers is intimately connate with 
tlie staminal column, the petals and the androecium falling together, calyptra- 
wisc, after anthesis. Such flowers in longitudinal section have an outline similar 
to that .shown in figure ii. 

Pavonia hastata, a species of the Malvaceae, is known to turn “cleistogamous’' 
at certain times of the year (Goebel in Organ. Pflanzen. 3 ed, 3:1971 [fig. 2035]. 
1933, Croizat in Darwiniana 5:419. 1941)* This “cleistogamy’' actually consists 
of a reduction of the corolla and staminal column which, instead of evolving in full 
!>lossom, fail to develop and remain inclosed within the barely opened or even 
unopened calyx. That this is hardly a case of true cleistogamy need not be em- 
phasized. What actually takes place in Pavonia is this: in summer the corolla and 
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the slaminal rolumii develop in full, but for some reason or otheT the 
remains sterile and no seeds are produced; in winter, on the contrary, the <'orf)IIa 
and the staniinal column iKXome abortive but the pollen and the o\-ul(*s are a(iiv(% 
so that normal seeds ('apal)le of germinating are produced. The backgroimd of this 
differential growth would seem to be metabolic because it is conmxied with 
('hang(‘s in average tem])erature. The tentative conclusion may be advanced that 
I\ hasiata- an<l with it other Malvaceae such as Sida spp.— tends toward a mode 
of sexual expression wliich involves a departure from the usual bisexual arrange- 
ment of the family. This tendency calls into play apetaly and unisexiiality. 

A malvoid entity which becomes completely apetalous and unisexual is turned, 
ipso facto j into a sterculiaceous and euphorbiaceous plant because the Sterculiaceae 
in, part and the Euphorbiaceae as a whole differ essentially fro,m the .Malvaceae in 
being apetalous and unisexual. No sharp morphological line cati !)e drawn to se|)a- 
rate the Malvaceae, Tiliaceae, Sterculiaceae, and Eu])horbiac(*ae, for they differ 
in tendencies more than in characters. Thus Pavefzk and Sida illustrate the begin- 
ning of a type of floral evolution which eventually ends hy establishing the 
cyathiiim of Euphorbia, The first step in this evolution is probably taken whtm the 
corolla and the staminal column become intimately connate, for it is than that a 
type of flower which is found in the Theaceae and, farther still, in the Mag- 
noliaceae, becomes actually malvoid. As a matter of fact, the entire evc,}iutioii 
may be tentatively outlined as follows: (a) the syncarpic, conclike gynoecium 
becomes reduced, only the basal row of carpels surviving either dialicarpically or 
syncarpically; (6) the stamens fuse together and with the corolla; (c) either the 
corolla or the staminal column evolves, ultimately leading to unisexuality’; (d) uni- 
sexuality being attained, the flower undergoes further reduction in detail. All 
these steps merely postulate concentration and specialization of the various floral 
organs, that is, an essential progression in reduction, it is not surprisiiig that in 
the families in which unisexiiality and reduction prevail, such as the Sterculiaceae 
and the Euphorbiaceae, nectaries are frequently found together with {flstillodes, 
these organs representing surviving but degenerate parts of the amiroecium or of 
the gynoecium. 

In Pawnia hastuta the gynoecium may become sterile, either anatomical!}’ or 
physiologically, this being a point upon which no information seems as yet avail- 
able, and the androecium (corolla and staminal column) may In^i'ome rediuvd, 
simulating cleistogamy and actually presenting a form of apetaly. In minn*nfus 
Euphorbiaceae the 9 organs are abortive and reduceii to pistillodi^s ur ^'glands," 
while the c? organs are fully developed, the phylogenetic link between the 
.Malvaceae and the Euphorbiaceae being furnished l.)y the Sterculiaceae. An esjje- 
cially revealing example of flower in which apistillode is surroumled l>y stamens is 
that of Clei.stanihi{s dec ur tens (fig, 12 ), a euphorbiaceous plant, 
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III the light of the tendencies prevalent in the malvoid-euphorbioid phylum it is 
permissible to suppose that the pistillode of C. decurrens might again become 
sexually active and anatomically perfect in connection with the process of ovule- 
and seed-bearing, the stamens being turned into staminodes, that is, into sterilized 
stainens or glandular bodies. As the result of this supposition a structure is visual- 
ized of the kind shown in figure 13, in which the staminode or its equivalent, a 
gland, persists upon the ovary and the fruit as a process or an appendage, the 
androeeium (staminal column and corolla) becoming part of the epicarp. 

The hypothesis that the processes upon the capsule of certain Euphorbiaceae 
are actually relics from an abortive androeeium may not be true in every case, but 
it certainly explains manifestations which are otherwise difficult to account for. 
In certain species of Codiaeum^ for instance, the epicarp is beset with glands that 
do not differ in the slightest from floral nectaries. Such nectaries are numerous 
ii|,)on the ovary and fruit of Ptychopyxis thwaitesii (fig. 14) and are in no wise dis- 
tinct from the staminodes and glands normally situated next to the calyx. It is 
well known, moreover, that in Ricimis the prickles upon the capsule have a vascu- 
lation of their own which is not suggestive of epidermal processes as such. In con- 
clusion: some evidence is forthcoming that in the malvoid flower and its deriva- 
tive structures, the carpels as well as the stamens may become intimately connate 
and adnate with the corolla, which is fully in harmony with the tendency toward 
reduction and unisexuality prevailing in the malvoid and euphorbioid phylum. 
Since it is admitted— on the mere strength of visual evidence — that the abortive 
gynoecium of the Euphorbiaceae persists as a pistillode (Cleistanthus) or as dis- 
crete glands (TetracoccuSj Securinega) in the c? flower, it should not be surprising 
that the androeeium may persist as glands or other processes, free from the epicarp 
(Croton) or intimately connate with it {Ptychopyxis) in the 9 flower. 

Summary 

1. The cyathia of Euphorbia and Pedilanthus represent different degrees of 
adaptation and fusion in a single type of compound lateral inflorescence. Such 
an inflorescence was probably intercalary in its origin. 

2. A tendency toward the reduction of floral parts involving apetaly and 
asexuality appears in the Malvaceae and becomes dominant in the Sterculiaceae 
and the Euphorbiaceae. 

3. Hie glands and processes on the epicarp of Codiaeum^ Ptychopyxis, and 
Riciniis are apparently relics from the androeeium that became intimately fused 
with the carpels. Glands of the same nature probably appear also in other 
families (Sabiaceae). 


Arnold Arboretum 
Jamaica Plain, Massachusetts 



KKFWnS OF PIKyrOPKRIOl) ON SEX EXPRESSION 
IN AMBROSIA TRIFI DA 

C'()\'rR!HU'n()\S i-ROM I'llK HULL Be>TANICAL LABORA'I'i S42 
LOUIS K. MANN 
(with five figures) 

IntroductioE 

Tl is known that photoperiod may exert marked influence upon the sex expres- 
sion of c'cTtain monoecious and dioecious plants (5). In Zea and Cannabis, for 
example, shortening the photoperiod to less than that to which the plants are 
usually exposed at the time of flowering causes a “reversal^’ of the staminate iZca } 
(8) or l)oth staminate and pistillate (Cannabis) flowers (6, 7). In experiments carried 
out to determine the critical photoperiod of giant ragweed. Ambrosia trinda L., a 
short-day plant, it was noticed that among plants exposed to relatively shf)rt pho- 
toperiods (less than 9 hours) there was a reduction in the number of staminate in- 
volucres relative to the number of pistillate involucres, and in some cases racenucs 
which were usually staminate contained some pistillate invoIiuTes, 

The following experiments were designed to determine to what extent sex ex- 
pression in giant ragweed could be modified by photoperiodic treatment, and, in 
this respect, to compare the effects of varying both the length of photoperiod and 
the number of photoinductive cycles to which the plants were exposed. 

Material and methods 

Experiments were carried out in the greenhouses at Chicago from June until 
October, 1941. Seeds were collected locally in the autumn of 19.^9 and kept in the 
refrigerator to break dormancy (2). The seeds were plantt*d in flut.s mi June i6, 
and the seedlings were later transplanted to 4-in(ii jxits. I'fie |>ots were placed on 
benches under natural daylight with the photoperioci extended until 10:00 p.m. 
On July 18 the photoperiod was further extended until mitlnight by Mazda light 
(200-watt bulbs in porcelain reflectors, kept 1-2 feet above the tips tif tlie plants). 
Plants were selected for uniformity and treatments were started July iH. 

In addition to the long-day bench, photoperiods of 15, 12, and 6 huurs were 
used. The 12- and 1 5-hour photoperiods were olitained tiy covering frames on the 
greenhouse benches with a layer of. Mack sateen cloth at 6:00 p.m. and y:oo pal, 
respectively, and remcndng the cloths at 6:00 a.m. the next <]ay. Iflants on tht‘ 6- 
hour photoperiod were placed in a darkroom between 5 : 00 and 6:00 ilm. and were 
returned to the greenhouse between 11:00 and 12:00 A.M. the following day. This 
Botolcal Gazette,. voL 103] , [780 
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pioccdurc for the longest dark period avoided the high temperatures which de- 
velop under black cloth during daylight. 

! he i)lants were treated in units consisting of approximately 100 plants; in all, 
t(‘n of tht\se experimental units (1000 plants) were used. The units, were given the 
ioilowing treatments. One unit remained on the long-day bench until the end of 



Fig. I.— /I , racemes of stamiiiate involucres terminating main axis and lateral branches; pistillate in- 
volucres in leafy bracts below. B, suppression of long laterals common in greenhouse plants. 


the experiment as a control. The remaining nine units were divided into three 
groups of three units each. The first group of three units was exposed to 15-hour 
photoperiods, one unit receiving two cycles, one receiving ten cycles, and the third 
receiving twenty cycles of this photoperiod before being returned to the long-day 
bench, where they all remained until the end of the experiment. In the second 
group the units were exposed to two, ten, and twenty cycles of 12-hour photo- 
period before being returned to the long-day bench. The third group was similarly 
exposed to two, ten, and twenty cycles of 6-hour photoperiod and then returned to 
the long-day bench. 
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In gt*iu*ral there was marked variation, even among plants within a single uni- 
form treatnnmt. In extreme cases, plants bearing fruit and other plants just be- 
ginning to (litTerentiate (lower primordia were found within a single unit. This 
variation necessitated the use of the large numbers of plants in each unit. 

Results 

In comjraring ragweed plants which have received various specilic photoperiodic 
treatments with held plants, it must be recognized that environmental factors 



Fro. 2.— A, elongation of branch bearing pistillate involucres. B, cymose arrangement uf pistilkUi' 

involucres. 

other than photoperiod alter the appearance of the plant when it is grown in tin- 
greenhouse. Since, in the ragweed, staminate and pistillate ilowers are loeuted (m 
different parts of the plant, changes in vigor, height, branching, etc., may affect 
the relative proportion of pistillate and staminate flowers. Plants in the liekl lui^a 
a dominant central axis with well-developed lateral branches which bruin h again 
several times. The terminal portion of the primary axis and tho.se <jf most lateral 
branches are racemes of involucres of staminate flowers. I’he .sessile or sub.se.ssile 
pistillate involucres are in small cymose clusters, each involucre Ijeing subtended 
by a leafy bract. For the most part these short cymose branches occur on second- 
ary branches, or occasionally on the main axis as supernumerary branches in a 
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leaf axil immediately below the main branch in that axil. The racemes of stami- 
nate involucres and the leafy bracts containing the pistillate involucres are shown 
in figure lA. 

In general, plants grown in the greenhouse vary from field plants in the absence 
of most or all of the long secondary branches on the main axis (fig. iB). The sec- 




3.“ number of mature fruits per plant; number of terminal and lateral staminate racemes per 
loo plants in which some or all staminate involucres were replaced by pistillate involucres. B, number of 
nodes and average heiKht in decimeters of plants at maturity. 

ondary branches, which are usually rather long, may fail to elongate, the terminal 
racemes being present but aborted. In other cases the terminal portion of the 
lateral branch may be replaced altogether by a typical cymose pistillate branch 
(fig. 2B). Occasionally such a branch (fig. 2B) may elongate (fig. 2A). 

In so far as the primary interest in the plants was in the flowering and fruiting 
structures, most of the data were taken when the plants were mature (fruits ripe 
and leaves beginning to brown). In those groups which received only two photo- 
inductive cycles, regardless of their length, the maturation was so slow that the 




Fig. 4.:-'“*^, large dusters of pistillate involucres in leaf axil on main axis of plant. B, reversion of 
terminal raceme to vegetative 'condition. 

Rate of maturity and intensity of photoperiodic response arc proi>ahly best in- 
dicated by the height of the plants (fig. 3B). Uniformity in mimher of node.s indi- 
cates simultaneous induction of most units, the variation in height being due pri- 
marily to the length of the internodes. On the basis of rate of maturitj'. tht' unit 
given twenty 1 2-hour photoinductive cycles was induced most strongly, this group 
— on the average --maturing several days before any of the other unit.s. 

With respect to yield of fruit (fig. . 0 ), the unit receiving twenty 1 2-hour photo- 
inductive cycles is again greater than the others. In this group the short cymosc 
liranches at the nodes of the main axis were well developed. A cluster of these 
branches with its many fruits is shown in figure 4/I . in the units which recciverl 
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plants were liarvested before maturity. Thus the data from the.se units, with re- 
spect to number of mature fruits and height, are not wholly comparable with the 
other units. 'I'ht* control unit was macroscopically vegetative at the time of har- 
vest, but on dissection most plants were found to be initiating flower priinonlia. 
'I bis was probably the result of an irregularity in the electric-power supply which 
c)]HTated the lights. Previous work on ragweed seems to indicate that it remains 
vegetative under photoperiods of less than 9 hours. 
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only two photoinductive cycles, these short pistillate branches were poorly de- 
v(‘lopcfl, usually not more than six fruits at a node. 

Although the yield of fruit may be an indication of the balance between pistil- 
late and stammate flowers, it cannot be taken directly as an indication of differen- 
tiation of staminate structures instead of pistillate. Although the position of pistil- 



5. -.-l, B, lateral racemes in which staminate involucres have been replaced by pistillate in- 
volucres. C, tip of terminal raceme with replacement of staminate involucres by pistillate involucres. 


late involucres varies, even in field plants, the staminate involucres are confined 
to terminal racemes, either of the main axis or of the lateral branches. In plants 
which received short photoperiods, the staminate involucres in these racemes 
failed t.o appear, pistillate flowers developing in the position usually occupied by 
staminate. I'he development of pistillate involucres on the lateral racemes is 
shown in figure 5A , B, while a portion of a terminal raceme with differentiation of 
pistillate flowers is shown in figure sC. Figure 3A shows the increasing incidence 
of pistillate involucres in racemes with increasing numbers of photoinductive cy- 
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cles anci fiecTcasins lengths of photoperiod. In several plants both terminal and 
lateral raeeines developed pistillate involucres, resiiUing in completely pistillate 
j')!ants. 

In addition, various gradations between stam in ate and pistillate strinlurcs 
were foiuul. Reversions to vegetative conditions (lig. 4B) were also common under 
sluni })hotopen(Kls, Variations of this type in other plants have been rather thor- 
oughly described (i). The presence of simple leaves rather than the usual lobed 
type is nf)i uncommon in plants in the field (3). Percentage of leaves which were 
simple varied from 18 to 31 under different treatments, the higher percentages be- 
ing found in the lots which received smaller numbers of photoinductive cycles. 

In Ambrosia elatior^ variations in the infloresceiice arc found in f.>opulations 
growing in the. field. These are similar to those brought al)out in . 4 . trijida by very 
short photoperiods. Jones (4, 5) has demonstrated that the variations in A. 
elatior are associated with genetic forms. He has found that Icing photr)period may 
modify expression in some strains of A, elatior^ but that the usual monoecious ffirm 
which breeds true was stable with respect to environmental chang<‘s. Jones found 
that A. claHor^ of any genetic form, when subjected to short jihotoperiod was 
dwarfed and might fail to produce staminate involucres, but that “sucli pistillate 
plants, in a culture which should be monoecious, cannot be regardiMl as ‘st‘x ri*- 
versalsj since pistillate flowers have not replaced staminate llowersT In /!, 
irifida^ on the other hand, length of photoperiod and numlicr of phoioiiirluctixa; 
cycles have a pronounced effect on sex expression. Lat'king ex{>erimenta! informa- 
tion, the uniformity in field plants would suggest that genetic factors are of !t*ss im- 
portance in A, kifida than in A. elatior. 

Summary 

1. Ambrosia irifida^ a short-day plant, after starting growth on long day. was 
subjected to two, ten, and twenty photoinductive c}Tles at each of thnn* photo- 
periods— 15, 12, and 6 hours. Following this treatment, the plants wen‘ returnrd 
to a long-day bench to complete growth. 

2. Rate of maturity was most rapid and yield of fruit was greatest in tiu,‘ plants 
exposed to twenty photoinductive cycles at the :i 2-hour pluitnperiod. 

3. Sex expression as measured by development of pistillate Ihnvers in tin* po>i • 
tion usually occupied by .staminate increased with increasing numbers of photo- 
inductive cycles and decreasing lengths of photoperiod, being greattssi in the 
plants exposed to twenty photoinductive cycles at the 6-hour {ihotopm'iod. 

C.>>llk(;k OF A<iRicr!;rc’RF. 
i'MVKRSrrV OK FORMA 

Daws, Calu-okxia 
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EFFECT OF CHEMICAL TREATM:EN 1 'S IN PROLOXOIXlr 
DORMANCY OF TUNG BUDS 


HAEO'LB U. SELL,* WALTER EEUTHEE,'* EiAVOOD (L FISHER,*^ 

AND FELIX S. LAGASSE^ 

(WITE TWO FIOUEES) 

Introduction 

Several investigators have reported experiments in which the growth of 1)ih1s 
was inhibited by treatment with various organic compounds. Among the tirst to 
propose a theory to account for the dominance of terminal buds in plants wais 
Loeb (6), He suggested that there might be a substance moving downward from 
growing apical buds which inhibits growth of the lower buds. Hiis tlu‘t)ry is sup- 
ported by the studies of Thimann and Skoog (9). Gcthrih (2) noted that the 
potassium salt of alpha naphthalene acetic acid inhibileci growth of t)uds in "non ■ 
dormant” potato tubers. Later, Guthrie (3) also olj.served tliat the vapors of tht* 
methyl ester of alpha naphthalene acetic add produced the same effect. Mrrc Hia.L 
and Stewart (7), studying the growth responses produced by ]>lant hormones, 
found that alpha naphthalene acetamide and alpha naphthalene acetic* acid in- 
hibited development of the terminal buds and expansion of primary leaves when 
applied to green plants in strong concentrations in the form of emulsion sprays. 
About the same time Lindner (s) found that high concentrations of indoleac*etir 
add and alpha naphthalene acetic acid in lanolin (smeared on cut surfaca*si in- 
creased the quantity of roots of horseradish but decreased the nurnlxT of shoots in 
segments of the root. Recently Wihkelfleck (10) reported delajing thc‘ blossom- 
ing of excised branches of stone fruits for several days with varicHis ckuivatives of 
alpha naphthalene acetic acid. 

Whether the work of Gardner, Marth, and Batjkr (D and cdliers mi tlie in- 
hibition of preharvest drop of apples by treatment with sucii comi)ouruls as alj)ha 
naphthalene acetic add is a growth. inhibition phenomenon is not chair at this 
time. 

One of the most important problems confronting the tung indusir}* today is the 
injury to the flowers by late spring frosts. During 2 out of the last 5 yt*ars, late 
spring frosts have very seriously reduced the production of tung oil in America. 

* Associate Chemist, 'Agent, ^Junior' Pomologist, Division yf lAiiit uiiti Vc*getablt‘ 

Crops and Diseases. 

Botinicai Gazette, vol. losj 
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It is safe to say that if this hazard could be eliminated, the average production 
over a term of years could be increased by at least 25 and perhaps 50 per cent. For 
the last two seasons work has been in progress to test several substances that 
migiit prc^long dormancy long enough to reduce the likelihood of damage from 
su<ii i rusts, i he purpose of this paper is to report the results obtained in prolong- 
ing <lorman(,:y of tung buds by means of certain organic compounds. 


Investigation 

Healthy tung trees were used in an orchard near Floral City, Florida. Two to 
four representative branches, each having an average of thirty to sixty buds, were 



Fic;. 1. — Specimens of tung buds illustrating degree of development of the first six classes 


selected on each tree. Half of these were treated and the remainder used as con- 
trols. 'I'his branch unit method was adopted rather than a tree unit method be- 
cause of the great variability in the blooming habit arnong individual seedling 
trees. lOach treatment was applied to one branch on each of three different trees. 

'I hree series of treatments were used, beginning February lo, February 25, and 
March 1 1, respectively. In each case repeat applications were made at intervals 
of 2 weeks until March 25. Thus four applications were required for the first 
scries, three for the second, and only two for the series begun on March ii. 

d'hree methods of application were used; (a) Direct injection (by means of a 
hypodermic syringe) of a o.oi per cent aqueous solution of the potassium salt of 
alpha naphthalene acetic acid into the bud scale sheath formed around the flower 
primordia of dormant buds. (f>) Application to the surface of the dormant buds 
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and twigs by means of a pressure sprayer, using two different spray formulas. In 
one case, a o.oi per cent solution of alpha naphthalene acetic acid was prepared in 
a mixture containing 4 per cent dioxane and i per cent fish-oil soap solution; in the 
other mixture approximately 0.4 per cent by weight of summer spray oil was sub- 
stituted for the fish-oil soap. The compounds indole-3-acetic acid and alpha naph- 
thalene acetamide were substituted for the above substance in other spray treat- 
ments. In each case the organic substance was dissolved in the dioxane before 
mixing with the remainder of the ingredients, (c) Application of the organic sub- 
stance in a lanolin emulsion to the surface of dormant buds by means of a small 
varnish brush. The emulsion was prepared according to the formula of Hildreth 
and Mitchell (4). However, 0.3 per cent solutions of alpha naphthalene aceta- 
mide and of indole-3-acetic acid were substituted for indole-3-butyric acid. 

In order to assay the effectiveness of the treatment in prolonging dormancy, 
seven classes of buds were established on the basis of the degree of development. 
The midpoint of each class is typified by the specimens illustrated in ligure i. 
Class 7 (not illustrated in the figure) represents terminals on which petals have 
begun to fall. When the buds began to expand counts were made at intervals of 
3~7 days to determine the comparative number of buds in each class on treated and 
control branches. 

Of the three methods listed, only the last (c) produced any observable effect on 
dormancy of the buds. Whether the difference in the effectiveness of these meth- 
ods is due to the difference in concentration of organic substances or to the manner 
of application has not been established. That the effect of prolonging dormancy 
was due to the organic substance rather than to the lanolin carrier was shown by 
field blank tests comparing buds treated with the lanolin carrier alone and un- 
treated buds. No difference could be observed between these two groups. This 
was further confirmed by laboratory experiments with excised tung branches. 

The data presented in table i summarize the results obtained with alpha naph- 
thalene acetamide in lanolin emulsion. A similar trend was obtained with in(iole-3- 
acetic acid iii the same carrier. Similar results were also obtained with excised 
tung branches brought into the laboratory, treated as outlined in (c), then placed 
in humid chambers with cut ends standing in about 2 inches of water. 

The data indicate a pronounced effect of the treatment in delaying bud (le\T‘Iop- 
ment. Those treatments in which applications were repeated three or four times 
were about equally effective in delaying bud development, but when the buds re- 
ceived only two applications, the effectiveness was slightly decreased. It is not 
yet possible to state whether the number of times the treatment was repeated or 
the delayed date of initial application was the more important factor in producing 
the decreased effectiveness of the treatments repeated only twice. 

Preliminary experiments by Fernholz and Potter (8) indicate that the irn- 




Effect of alpha naphthalene acetamide in lanolin emlt.si()ns in prolonging dormancy in tung buds; 1941 season 
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mature peduncles of tung flower buds are exceedingly susceptible to injury by low 
temperature. Thus when terminals in the tight cluster stage (class 3) are exposed 
to a temperature of 28° F., very little injury occurs. When open clusters with the 
peduncles exposed (classes 4 and 5) are subjected to a temperature of 28° F., all 
are either injured or killed. 


April 

Fig. 2. — Degree of development of tiing buds treated three times with alpha na|)htha]ene acetamide 
as compared with untreated controls. Solid sections of columns represent classes i, 2, and 3 fbmis un- 
injured by temperature of 28° F,); open sections of columns represent classes 4, 5, 6, and 7 (biids seriously 
injured or killed by temperature of 28® F.). 


These studies suggest that buds in class 4 or above will be damaged seriously by 
a light to medium frost, whereas it would take a heavy frost seriously to damage 
buds in classes i, 2, and 3. In view of these considerations, the data in table 1 are 
expressed graphically in figure 2 to show the relative frost resistance to treated and 
control buds at the dates indicated on the graph. The more resistant buds in 
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classes 1,2, and 3 were combined into one group and are represented by the solid 
portions of the bar graphs. The more expanded buds in the remaining less resist- 
ant classes are represented by the open portions. It may be noted that there was a 
period of about one week during which the injury to the treated branches by a 
frost of about 28 I. would probably have ranged between o and 15 per cent, 
whereas the injury to the untreated branches might have ranged from slight to 70 
per cent. During the ensuing 12-day period the treated branches had from 24 to 40 
per cent or more of buds not susceptible to injury by a light frost, while all or near- 
h’ all the buds on the controls would have been injured. 

i lie data presented here are concerned merely with observations on prolonging 
dormanc'v of tung buds by means of certain organic compounds. No practical ap- 
plications are suggested or recommendations intended. There is a possibility, how- 
ever, that some practical applications may develop from future studies. 

BURKAt; OF lO.ANT INDUSTRY 

U.S. Department of Agriculture 
Washiniton, D.C. 


LITERATURE CITED 

Gardner, F. E., Marth, P. C., and Batjer, L. P., Spraying with plant growth substance 
for control of the pre-harvest drop of apples. Proc. Amer, Soc. Hort. Sd. 37:415-428. 
1940. 

GiriHRiE, J. P., Inducing “dormancy” in potato tubers with potassium naphthalene acetate 
and breaking it with ethylene chlorohydrin. Science 88:86. 1938. 

Inhibition of the growth of buds of potato tubers with the vapor of the methyl 
ester of naphthalene acetic acid. Contr. Boyce Thompson Inst. 10:325-328. 1939. 
iln.DRKTH, A. C., and Mitchell, J. W., Spraying is a new method of applying root pro- 
moting .so bj^^tances. Florists Review 84: 13. 1939. 

Lindner, R, C., Effects of indoleacetic and naphthylacetic acids on development of buds 
and roots in horseradish. Box. Gaz. 100:500-527. 1939. 

Lueh, j., A quantitative method of ascertaining the mechanism of growth and of inhibition 
of growth of dormant buds. Science 45:436-439. 1917. 

MrrcHELL, J. W., and Stewart, W. S., Comparison of growth responses induced in plants 
liy na|)hthalene acetamide and naphthalene acetic acid. Bot. Gaz. 101:410-427. 1939. 
Fernholz, I). L,, and Potter, G. F., Private communication. 

'Fhimann, K. V., and Skoog, F., Inhibition of bud development and other growth sub- 
stance in Vida Jaba, Proc. Roy. Soc. London B. 114:317-319, 1934. 

WiNKELPLECK, R. L., Blos.som delay with hormones. Amer. Fruit Grower 60:4. 1940. 






P' 

m 


. '-fjf 





EFFECTS OF STORAGE CONDITIONS ON CUT ROSES 


CONTRIBUTIONS FROM THE HUIX BOTANICAI. LABORATORY 643 


M. S. NEFF 

Introduction 

Successful storage of cut flowers should achieve several results: (a) The flowers 
should remain in the desired state of maturity or tightness of flower buds, during 
storage, (h) The flowers should retain their original color and color shadings or 
an equally satisfactory color, during storage. ({;) It should be possible to store the 
flowers for a considerable period of time, (d) After removal from storage the 
flowers should retain their color and turgidity as long as would freshly cut flowers. 

The rose, the most important flower in the florist industry, is one of the most 
difficult to store successfully. Under most conditions the cut buds develop char- 
acteristics that render them unsatisfactory when marketed in competition with 
those freshly cut. Various suggestions have been advanced toward a solution. 
Ferret (14) advocated the use of low temperatures and stressed the importance 
of the proper relative humidity during storage. Hitchcock and Zimmerman (6) 
also demonstrated effects of these factors in relation to specific flower.s. They 
stated that flowers stored at 5® C. for 7 days or longer may be expe(‘te<l to wilt 
much sooner when removed to a temperature above 20® C. than those fresh!}^ cut. 
Neff and Loomis (13) and Neff (ii, 12) emphasized the importance of storing 
flowers with the flower stems out of water. Thornton (19) fouml that suitable 
concentrations of carbon dioxide in the atmosphere of the storage containtu 
tended to prevent opening of rose buds during the storage period. I'hose stoned 
in a carbon dioxide-enriched atmosphere lasted longer after removal to ordinal*}' 
room conditions than similar ones that had been stored in an unenriched atmos- 
phere. Thornton considered 7 days the approximate limit of effective storage 
with carbon dioxide, because of petal drop. 

The effect of storage conditions on the color of flowers has recei\a*d ('onsiderable 
study. Thornton (20) found that changes in the color of anthocyanin pigments 
of rose petals occurred when exposed to high concentrations of carbon dioxidm 
The bluing of the petals, that is, their tendency to become violet or purplish as 
they age, was correlated with changes in pH; the pH increased witli the use of in- 
creased concentrations of carbon dioxide. In tlie case of Templar roses the loss of 
original color was correlated with a 0.27 increase in pH. 

Change in color shading during storage is difficult to control. To overcome this 
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major difficulty it may be possible to stabilize the color in roses in such a way 
that storage conditions will not affect it. This may be accomplished eventually by 
treating natural coloring substances as dyes and stabilizing them in the petals, 
in somewhat the same manner that some dyes are stabilized. Most of the natural 
plant colors are mordant dyes (10, 15); that is, they must be adsorbed by a mor- 
dant or mordants if the color is to be stabilized. A mordant will adsorb a dye in 
the {presence of a liber (22) or combine with a dye (16) in forming insoluble colored 
compounds. Anthocyanin pigments, which constitute many of the colors of 
flowers, when mordanted with metallic salts tend to give dyeings fast to light but 
not to soa}) and water (15). Although theoretically any salt of a heavy metal is 
(,‘apable of acting as a mordant and adsorbing mordant dyes (10), in actual prac- 
tic'c some salts are superior to others in this respect. Acid mordants include tan- 
nins, fatty acids, albumin, hydrous silica, arsenic acid, phosphoric acid, and vari- 
ous others. Metallic mordants are mainly hydrous oxides of the heavy metals, 
t!ie most important of which are those of aluminum, chromium, copper, iron, and 
tin (22). 

The color of a dye may be changed, depending on the mordant used. Alizarine 
red, for example, when dyed on a chrome mordant results in purplish red, on 
aluminum in bright red, on tin in scarlet, and on iron in a dull purple (10). 

A clue to a {.>ossible role played by mordants in the living cell is suggested by 
the work of Shibata et al. (17). They state that organo-metallic complex com- 
pouiids are formed between anthocyanin pigments and the salts of the alkaline 
earths and the heavy metals. They added metallic salts to solutions of certain ex- 
tracte<i anthocyanin pigments. Such pigments extracted from Rosa Gallica 
turned red with HCl and acetic acid; violescent red with CaCb, SrCb, MgCb, 
and ilnClg light violescent red with BaCb and ZnCb; dark violescent red with 
AljfHojl^, and XiCl.; red orange with Cu(C2H302)2 and HgCb; orange with 

XaUH and (Xtld^MoO.,; violet with SnCb and Fe2Cl6; green with Pb(C3H302)2; 
}'ellow with K^COj. In other words, the range extended from green to deep red, 
depending on the salt used. 

SiiUiATA and coworkers are of the opinion that blue anthocyanin pigments in 
plants are complex organo-metallic compounds, the pigments probably being co- 
oniinaled with calcium or magnesium. The violet, violescent red, or red pig- 
ments are considered as analogous complex compounds containing fewer auxo- 
chrorne hydroxyl groups or a mixture of the blue pigment complex and a red 
oxonium salt. d1ie red oxonium salt is presumably formed with an excess of acid, 
the anion of the acid becoming attached to the pigment molecule. 

Gurrev (i) investigated bluing in roses. The variety Hadley was selected as 
the t}'pe which often blues and Lady Maureen Stewart as the one which seldom 
blues. He determined that the red color in the rose petals was produced by the 
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formation of a red oxonium salt between the pigment and the. tannins and that the 
tannins were the' only acids .found in the cell sap. He 'noted that Lady Maureen 
Stewart contained 1.9 times more pigment and 2.0 times mo.re tannin than Had- 
ley. .The former contained 1.39 times more tannin than pigment* The 'Hadley, 
rose also contained 1.39 times more tannin than anthocyanin'' pigment, 'Currey 
assumed that the tend.ency of Hadley to turn "blue was due to the 'fact that 'it con- 
tained fewer tannins than the other rose. He disregarded the fact that Hadley 
also had a reduced amount of pigment directly proportional to the reduced amount 
of tannin. It would be just as logical to assume that bluing of Hadley is due to 
less pigment in the petals. 

CiJRREY also considered that the ash analysis of the two roses showed no sig- 
nificant differences. By recalculating his figures, however, it is obvious that Lady 
Maureen Stewart had 0.9 as much silica as Hadley, 1.4 times more aluminiim and 
iron, 1.3 times more lime, i.i times more magnesium, 0,8 as much sulphur, 1.3 
times more phosphorus, 2.4 times more soda, and 1,3 times more potash. Alumi- 
num and iron are both important mordant elements. Lady Maureen Stewart 
contained more of these elements. It is possible also that the lack of salts was a 
factor in the bluing of Hadley. 

Hall (5) reports that in dyeing, tannic acid can unite with metallic salts to 
form insoluble compounds and that these have the power of retaining dyes. The 
compounds containing tannic acid, metal, and dyestuff are more nearly insoluble 
and stable than similar ones in which the metallic salts are al)sent. Perkin and 
Everest (15) state that the great increase of the basicity of the oxygen atoni of 
the pyrone ring that arises in passing from the flavonol pigment to the anthocyanin 
pigment is presumably the cause of the latter having the power of dyeing on tan- 
nins as well as bask mordants. It is possible that organo-metallic compounds that 
might be formed with anthocyanin pigments increase the molecular weight ol the 
pigment and thereby influence color (4). 

A number of investigators have attempted to maintain jietal turgidity and 
brilliant color of cut flowers by placing the stems in various solutions, DrruMKT 
P; and Foiirton (2) found that the following aqueous solutions gave positive re- 

sults: sugar and sodium chloride, sugar and dipotassium })hosphate, sugar and 
chloral, sugar and manganese sulphate, Laurie (9) indicated tliat c{)nibinatic)iis 
of hydrazene sulphate, copper sulphate, sucrose, sodium amytal, and metallic ziiic 
powder in. proper concentrations may reduce bacterial activity, increase trails- 

1 ,^ piration, lower the rate of respiration, and provide the most suitable pH and 

!| osmotic conceiit.ration. Knudsen (8) and Hitchcock and Zimmerman (6) placed 

t,he stems of cut flowers in aqueous solutions containing various chemii'als and 
if .found no solution of any particular value. Volz (21 ) used a solution of aluminum 

I sulphate in water." 
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There are available at present at least two commercial preparations^ for use in 
aqueous solutions. Both are principally sugar and aluminum salts. The length of 
time during which cut roses remain turgid and of good color is considerably in- 
creased by the use of these solutions. After a few days the petals of red roses lose 
their original color, just as do those with the stems in water, but the former main- 
tain highly satisfactory and pleasing color as contrasted with the dull violet or 
bluish tinges of the latter. The petals also maintain exceptional turgidity. There 
is apparently no clogging of the conducting tissues of the stems; at least it is 
never necessary to maintain petal turgidity by clipping off the ends of the stems. 
This indicates a rather unusual internal physiological condition. Physiologically, 
aluminum salts have been reported as increasing the permeability of protoplasm, 
thus making it more permeable to sugars, increasing the action of diastase, slowing 
down ])hotosynthesis (3), causing protoplasm to set and harden (18), and in- 
hilnting anthocyanin production (7). 

iVpparently the aluminum mordant salts and sugars complement each other. 
If either is eliminated from the commercially available solutions, color and tur- 
gidity are not so satisfactory. With these solutions the color of the developing 
inner petals is affected to a much greater extent than the matured outer ones, 
which tend to fade and blue during storage. The solutions would be more desir- 
able if the color of the matured outer petals were preserved. An undesirable fea- 
ture of storage of roses with the stems in water or an aqueous solution is the 
tendency of the buds to continue to open during storage. 

Nb:ff (12) reported favorable results in regard to the preservation of color and 
keef)ing qualities of cut roses under conditions of light, low temperature, and the 
use of commercially available solutions and others containing potassium nitrate 
and sucrose. 

Experimental results 

Red Hollywood rose buds stored at 32'^-38° F. for any length of time have a 
tendency to lose the original color shadings and begin to blue. Storage at low 
temperature and in carbon-dioxide concentrations high enough to cause the buds 
to remain in a tight condition resulted in considerable tendency to blue. This was 
also true for roses stored at low temperature in an atmosphere containing added 
carbon dioxide and reduced oxygen. 

Generally the petals of roses previously stored expanded rapidly after removal 
from storage. The petals were crinkly along the edges and seemed to lack sub- 
stance. The flowers failed to remain as turgid or as well colored as freshly cut 
.roses under similar conditions. 




^ U.S. patents 21 68304, and 2.2309,31. 
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Turgor and low temperature 

The manner in which roses are handled previous to storage determines to a 
considerable degree their response under various conditions of storage. Fresh Hol- 
lywood roses that had never been placed in water were divided into groups of six 
each and exposed to the drying atmosphere of a room at 32°-38° F. for 3, 12, and 
24 hours. After the drying treatment, the roses were placed under bell jars to 
protect them from further excessive loss of moisture. The stems were not in water 
at any time during the drying treatment or during the remaining storage period. 
An additional group of roses was left with the stems in water throughout the ex- 
periment. 

The roses exposed for 3 hours lost 0.46 per cent, for 12 hours 0.7 per cent, and 
for 24 hours 2.7 per cent of their original weight. At the end of the 12-day storage 
period all roses stored with the stems out of water had lost an additional 1.7 per 
cent of their weight. 

After 12 days in storage the flowers were removed to a room at 72° F., the 
stems placed in water and a comparison made with fresh roses. The ro.ses were 
weighed when they were first brought into room temperature and alter 12, 22, 31 , 
and 43 hours. The fresh roses gained 9.5 per cent in weight in the lirst 12 hours 
at room temperature but lost weight by the twenty-second hour. By 38.5 hours 
they weighed 5.4 per cent less than the original weight. The roses expo.sed to 3 
hours of drying gained 7.7 per cent in weight the first 12 hours, 8 per cent the next 
19 hours, but by the forty-third hour weighed 1.2 per cent less than their original 
weight. The original weight refers to the weight of the roses when first placed in 
storage. The buds of the stored roses opened a , little more rapidly than did the 
fresh buds. The individuals exposed to drying for 12 hours gained 4.1 per cent in 
weight the first 12 hours, 4.1 per cent the next 10 hours, 2.1 per cent the following 
9 hours, but weighed 6 per cent less than the original weight by the forty-third 
hour. The buds opened a trifle more slowly than fresh ones. 'Fhose expo.seil to 24 
hours of drying gained 0.6 per cent in weight the first 22 hours at room tempera- 
ture. The following 9 hours they weighed 15.5 per cent less than tlieir original 
weight. They opened much more slowly than the Iresh buds and were only hall 
opened at the time they wilted. Those stored with their stems in water lost 
weight at room temperature and the buds opened faster than Iresh ones. 

These results suggest turgor control as a method ol maintaining rose buds in 
tight condition during storage. Buds opened least iluring storage when e.xposed 
to the drying atmosphere for 24 hours before being placed under bell jars. 'I wenty- 
four hours of drying was apparently too long, as they failed to open jiroperiy 
when removed from storage and placed at room temperature with the siems in 
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None of the preceding lots retained their original color shadings during storage; 
all had a tendency to blue. When removed to room temperature none of the 
storage lots retained petal turgidity or color as well as did freshly cut roses. 

Low TEMPERATURE AND CARBON DIOXIDE 

Rose buds were inclosed in large metal containers and placed in storage at 
32'^ 38° F. I he tops of the containers were made with grooves which were filled 
with water, into which the edge of the lids fitted. This arrangement provided a 
water seal, preventing excessive loss of carbon dioxide. A layer of water on the 
bottom of the containers maintained a reasonably high humidity. The buds were 
stored in the containers either with their stems in water or supported on wire racks 
out. of water. The containers were fitted with two valves, through which carbon 
di()xide coukl be introduced. Carbon dioxide concentrations of 2, 5, 10, 15, and 
20 per cent were maintained. After 12-20 days of storage the roses were inferior 
to freshly cut ones. The chief difficulty was their tendency to blue; the higher 
the (Tirbon dioxide concentrations the greater was the tendency to do so. At con- 
centrations of 2 and 5 per cent the buds did not remain as tightly closed as when 
higher concentrations w^ere used. The roses stored with carbon dioxide were in- 
ferior to fresh ones when comparisons were made as to color and turgidity under 
ordinary room conditions. 

Sweet peas were similarly stored with stems out of water at 32'^-38° F. but 
witliout the use of carbon dioxide. High humidity in the individual chambers kept 
tile pilals fresh and turgid over a r6-2i-day storage period. The specimens were 
removed from storage in excellent condition, with no petal drop. The stored 
dowers were turgid almost as long as fresh blooms when subsequently placed at 
room temperature with the stems in water, but they had lost all odor during 
storage. 

Carbon dioxide and reduced oxygen 

Talisman rose Inids were stored as previously stated in metal containers at 
32® 38” Fb for 5 days in atmospheres consisting of 9-10 per cent carbon dioxide 
anri varied amounts of oxygen. To obtain the desired atmosphere, air was dis- 
[ilaced from the metal containers by means of nitrogen gas until the desired level 
of o.xy gen was secured, then carbon dioxide was introduced. At the end of 5 days 
the l:)U(Js stored in 4.4 and 6 per cent oxygen had opened very slightly; in 9 per 
( cnt ox3gen they had opened noticeably; and in ii per cent oxygen still more so. 
At the end of 5 days the roses were unintentionally frozen. This injured the stems 
somewhat, particularly directly below the calyx cup. The samples in ii per cent 
oxygen had the least stem injury; it was progressively greater in 9 and 6 per cent, 
up to 4.4 per cent oxygen, where the greatest injury occurred. 
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Low TEMPERATURE, LIGHT, STEMS IN SOLUTIONS 

Freshly cut buds of Hollywood roses were stored in three closed metal con- 
tamers (A, B, and C) in a refrigerated room at 32^-38° F. or in two closed glass 
humidity chambers (D and E). High relative humidity was maintained by the 
layer of water on the bottom of each container. A sheet of window glass loosely 
placed over the top of the metal containers, in place of the metal cover, allowed 
for the admission of light as desired. 

The buds were divided into groups of four previous to being placed in the con- 
tainers. Container A received eight groups, B three groups, C two groups, hu- 
midity chambers D and E four groups. The lower portions of the stems were im- 
mersed in flasks containing Floralife, a commercial product, to which sucrose had 
been added at the rate of 60 gm. to a quart of solution. 

Roses in container A received approximately 48 foot candles of Mazda light for 
an 18-day period. Container B received approximately 20 foot candles for an 
18-day period. Container C was covered for the first 12 days so as to exclude 
light; during the last 6 days the cover was removed and the roses exposed to 
10 foot candles of Mazda light. Roses in D (glass humidity cases) were illumi- 
nated by a 20-watt daylight-type fluorescent lamp. The flowers received approxi- 
mately 60 foot candles of light at the surface of the petals. Container E was illumi- 
nated by Mazda light which was first passed through an aqueous C11CI2 filter 
2.2 cm. in thickness (i gm. of CuCL> to 1000 ml. of water), resulting in approxi- 
mately 26 foot candles of light at the surface of the petals. Light was supplied to 
D and E for the first 6 days of storage, then di.scontinued until the twelfth day, 
at which time illumination was resumed. 

Preliminary work had indicated that if roses whose stems were in the solutions 
were taken from the refrigeration room from time to time it might b(? }>eneficiaL 
Consequently groups 2 and 6 in container A, groups i and 3 in container B, and 
group 2 in container C were placed in the 72° F. room for 30-minute periods on the 
second, third, fourth, fifth, seventh, and eighth days of storage. (Groups 3 and 7 
from container A were subjected to two 30-miniite periods at 72"^ ¥, on the second, 
third, fourth, and fifth days and one 30-minute period on the seventh and eighth 
days of storage. The second day of storage, groups 4 and 8 of container A were 
placed at 72° F. for 30 minutes for six consecutive transfers, dlie third am! fi)urt!i 
days they were taken out of the storage temperature twice a day for 30-minute 
periods; the seventh and eighth days they were removed only once a day. Croup i 
of containers A, B, C, D, and E were not removed from the storage temperature 
until the end of the experiment. 

Roses in D and E were transferred to the 72^^ F. room for 3o-minute ptTifMls 
t.he second day of storage in the case of groups 2, 3, and 4. Cn the fourtcamth day 
of storage group 2 in case D and group 2 irtcase E were placed in the 72^ F. room 
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for 30 minutes, and then at F. for 30 minutes for four consecutive transfers. 
Groups 3 in D and F/ were given six consecutive transfers. Group 4 was given 
eight consecutive transfers of 30 minutes each. 

Table 1 shows the keeping ciualities of the roses after removal from storage to 
a room at 72° F. with the stems in water. 

TABLE 1 

CONDITIOXS OF STORAGE AND KEEPING QUALITIES OF HOLLYWOOD ROSES AFTER REMOVAL 
FROM STORAGE* TO ROOM AT 72^ F., WITH STEMS IN WATER. STORAGE TEM- 
PERATURE APPROXIMATELY 32“-”38° F.; HUMIDITY HIGH 
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* Frei^h buds with stems in water and under room conditions remained turgid 3-4 days, 
t Fikerfd light. 

As indicated by table i, the storage roses may remain turgid longer than fresh 
ones at ordinary room temperature, and those stored 18 days may remain turgid 
longer than those stored 8 days. Hitchcock and Zimmerman (6) stated that 
flowers stored at 5° C. for 7 days or longer may wilt much sooner when removed 
to temperatures above 22° C. than fresh flowers. It evidently takes a certain 
amount of time in storage before the effect of the conditions become permanent 
after the flowers are removed to room temperature and the stems placed in water. 
This permanent effect on turgidity of petals seems to be correlated with the state 
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of development of the buds. Rose buds tend to open, even under conditions r)f 
low temperature, especially if they are in water or a water solution. By the fifth 
to seventh day of storage this tendency becomes rather marked; up to that time 
the buds remain relatively tight. The roses removed after 8 days of storage were 
one-third or less open and so had not developed sufficiently for the storage treat- 
ment to have a permanent effect on the turgidity of the petals. On the other hand, 
at the end of the 1 8-day storage period the roses were one-half to two-thirds open, 
so were sufficiently advanced for the storage treatment to have a permanent ef- 
fect on petal turgidity. 

Table i indicates that removing roses to room temperature for short periods of 
time during storage may help to maintain petal turgidity after the flowers are 
finally removed and placed under ordinary room conditions with the stems in 
water. This may be true for roses stored i8 days and receiving 48 foot candles of 
Mazda light, or filtered Mazda light of 20 foot candles, but not for roses receiving 
48 foot candles of Mazda light for only 8 days or 20 foot candles for 18 days. 

One of the effects of shifts in temperature during storage is the appearance of 
drops of sweet liquid which exude from stems and the veins of the leaves. An- 
other effect is the appearance of brown spots on the petals, apparently caused by 
the high concentration of sugar. The roses e.xposed to fluorescent light showed 
considerably less exudation than those stored under other types of light. At the 
time of removal from storage there were no brown spots on the petals, when it was 
used. After a few hours at room temperature, however, the brown spots appearerl. 
Another result from the use of fluorescent light is that the petals opened in a nor- 
mal manner after removal to room temperature. After storage under Alazda light 
the petals were crinkly and definitely not normal in their subsequent development 
at room temperature. 

Solutions 

Several mixtures were developed that were successful when used in solution in 
maintaining petal color and petal turgidity. 'The solutions are Ijasically water, 
sucrose, and various metallic mordants. Tables 2 and list the proportion.s of 
salts and sucrose used per 50 ml. of tap water, a solution sufficient for one rose. 
Greatly increasing the amount of solution used per rose may result in e.xeessivi.' 
injury to the stems or petals. Better Times ro.ses were used in these e.xperiments. 

The following sugar solutions with single .salts adfled produced indifferent re 
suits: lead acetate, zinc sulphate, aluminum acetate, aluminum chlorifie, alumi - 
num oxide, ferrous oxalate, ferrous phosphate, lead chromate, and fiurous am- 
monium sulphate. A sugar solution with potassium dichromate and o.xalic acid 
and a .solution composed of sugar with tannic acid and acetic acid gave only fair 
results. 
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The following sugar solutions with two salts were used with varied results. A 
stock solution sufficient for one rose was made up of 0.02 gm. of ferrous sulphate, 
1. 25 gm. of sucrose, and 50 ml. of tap water. To this basic solution was added 
0,02 gm. of one of the following salts: cadmium chloride, silver sulphate, cobalt 

TABLE 2 

Effect of solutions* on comparative keeping qualities of freshly 
CUT Better Times roses under room conditions; 1.5 gm. sugar 

ADDED PER ROSE 


Salt i‘kr 

Fkuruu.s 

I'HI.ORiOK 

Ferrous 

SULPHATE 

Chromium 

SULPHATE 

Ceric 

.SULPHATE 

I'KTALH 
Ti k<ni>t 
(UAVSj 

Okku- 

NAL 

pH 

Petals 

'niRClID 

(days) 

Origi- 

nal 

pH 

Petals 

TURGID 

(days) 

Origi- 

nal 

pH 

Petals 

turgid 

(days) 

Origi- 

nal 

pH 

0 , 0 r*; 



4 

5.6 

6 

5-4 

4 

4.6 

0 0,! 


4.9 

6 

5 • 5 

6 

4-5 

5-6 

3-5 

0 ...... 

5 

4.7 


5- 1 

4 

4.2 

5"6 

3-3 

0 0 <; 



6-7 

5'0 

4 

4.0 

5-6 

3.0 

0 035 

( 


6 

4.3 

^ i 

3-8 

5-6 

2.9 


Stannous 

CHLOKIDE 


Petals 

TURGID 

(days) 

Origi- 

nal 

pH 

Petals 

TURGID 

(days) 

Origi- 

nal 

pH 

5 : 

3.9 







6 

2.8 












^iraiiar Uuds with steins, in water and under room conditions remained turgid 3-4 days, 
t i tr until they drtiii|Hni. 


TABLE 3 

Effect of solutions* on comparative keeping qualities of 

FRESHLY cut BETTER TIMES ROSES 


^ 

Salt used 

Sugar 

PEE 

ROSE 

(GM,) 

Salt 

PER 

BOSE 

(gm:.) 

Origi- 

nal 

pH 

Pet- 

als 

TURGID 

(days) 

pH op solutions determined twice d.ailv 

Second 

DAY 

Third 

DAY 

Fourth 

DAY 

Fifth 

DAY 

Sixth 

DAY 

A.M. 

P.M. 

A.M. 

P.M. 

A.M, 

P.M. 

A.M. 

P.M. 

A.M. 

P.M. 

Furnius chltsride. . . . 

1.25 

0.02 ; 

5-2 

6 

5.2 

4.7 

4-3 

4 . 1 - 

4-9 

4-7 

4.7 

4.8 

4-7 

4.7 

F«,trrt.m.A sulphate — 

1.25 

0.03 ; 

5.0 

5“6 

4.8 

4-3 

4-3 

3 - 9 ‘ 

4.9 

4.4 

4.6 

4.6 

4-5 

4.4 

Ferrous ciii<»ri«ic. . . . 

0. X25 

0.02 

5.2 

6 

5-0 

4-5 

4.1 

3 . 8 - 

5-2 

4.9 

5.0 

5.1 

5.0 

4.9 

Ferrous sulphate. . . . 

0.125 

0.03 i 

S-i 

s 

5-2 

4.6 

4.2 

4.0* 

5.0 

4.7 

4.8 

5-0 

4.7 

4.6 

Ferrous clilorlde. . . . 

0.25 ■■ 

0 

d 

5.2 

6-7 

5-4 

51 

4-5 

4 . 2 - 

4.6 

4.5 

4.5 

4.5 

4.7 

4.7 

Ferrous sulphate, . . . 

0.25 

0.03 

5,1 

6-7 

5-3 

4‘7 

i 

4.4 

4 . 2 - 

5.0 

4-7 

4.8 

4.9 

4-7 

4.6 


't' h re.sh bud^> witli stems in water and under room conditions remained turgid 3-'4 days, 
t 'fap water added Ui eacii container, replacing water lost through evaporation and transpiration. 

sulphate, cobalt chloride, sodium tungstate, uranium chloride, antimony chloride, 
antimony sulphate, bismuth acetate, molybdic acid, copper sulphate, ferric chlo- 
ride, nickel chloride, nickel sulphate, lead chloride, manganese chloride, and mer- 
curous chloride. Most of the solutions proved too concentrated, as shown by the 
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excessive burning of the stem- or wilting of the petals. The use of molybdic acid,, 
cobalt, bismuth, lead, uranium, and tin salts appeared to have promise. 

Summary 

1. Rose buds may be maintained in the desired state of maturity during storage 
at low temperature by avoiding placing the stems in water or aqueous solution 
during such period. The desired state of maturity also may be maintained by 
storing the roses in an atmosphere containing added carbon dioxide, or carbon 
dioxide and a reduced amount of oxygen. 

2. Rose buds have a strong tendency to open during storage. This is particu- 
larly true when stored with their stems in water or aqueous solutions. 

3. Roses develop objectionable color characteristics under low temperature 
storage. These tendencies seem to increase when stored in an atmosphere con- 
taining large amounts of carbon dioxide, or carbon dioxide and a reduced amoiiiit 
of oxygen. 

4. As a rule, roses which have been stored do not maintain satisfactory petal 
turgidity or petal color after removal from storage to room temperature with their 
stems in water. 

5. Roses which have been stored with the stems in a sugar-mordant solution 
under proper conditions of light and temperature and for a sufFicient length of 
time may remain turgid longer than fresh roses when placed in water at room 
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AUXIN STORAGE AS RELATED TO ENDOSPERM 
TYPE IN MAIZE 

GEORGE S. AVERY, JR., JULIUS BERGER, AND BARBARA SHALUCHA 

The extent to which auxin storage is related to kind of tissue is as yet unknown. 
Maize endosperms provide an excellent source of material to investigate this point; 
first, because a method exists (i) for the total extraction of auxin from them, and 
second, because they provide ontogenetically identical tissues which may differ 
genetically, the latter leading to the storage of different kinds and proportions of 
materials. Five well-known endosperm types were chosen for this investigation : 
brittle, waxy, floury, sugary, and two kinds of flint. 

The first extraction method used involved successive washes with water. Em- 
bryos and endosperms were carefully separated, and the latter finely ground in a 
glass mortar. A i-gm. sample of this ground material was placed on an asbestos 
filter and given twenty successive washes, each with lo cc. of water (at 2-misiute 
intervals). The aqueous filtrates from these twenty washes were collected in one 
flask; these and all subsequent samples were assayed by the deseeded Avend 
method. The twenty-first wash was collected and assayed separately in order to 
determine whether most of the auxin had been removed in the original washes. In 
no instance did the twenty-first wash contain as much as half of i per cent of the 
auxin extractable by this method. This experiment was repeated six times for 
each endosperm type, with good agreement, and the averages of these data are 
presented in table i (method A). 

After these experiments were completed, an extraction method was developed 
(i) which makes it possible to distinguish between the relative amounts of free 
auxin and auxin precursor present in a given sample of maize endu.sperm. The .so- 
called precursor is an as-yet unidentified compound which upon alkaline hydroh'sis 
yields auxin. 

For determining the free auxin content of the different endo.sperm t_vj>es )jy the 
newer method, ground tissue was prepared as described, and 0.25-gin. saniple.s 
were allowed to stand in 25 cc. of distilled water at 25° C. for 10 minutes. 'I'his 
preparation was centrifuged and the dear extract diluted to suitable concentra- 
tions for obtaining proportionality curvatures in the assay. Tht; j'ields of free 
auxin (method B) from the different endosperm types are also presented in table t . 

Determinations of total auxin were made by heating 0.25-gm. samples of ground 
endosperm in borate buffer at pH 9.6 and 120° G. for 15 minutes. The hydrolj-zed 
samples were neutralized, centrifuged, and dilutions made up for assa\-. The total 
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auxin yields thus obtained are included in table i (method C). The auxin precur- 
sor consists of the total auxin present after hydrolysis, minus the free auxin. 

It may be noted from the table that the yields as determined by method B agree 
in a general way with those obtained by method A, that is, both methods give free 
auxin, but method B is much simpler. The free auxin content is of the same order 
for brittle, waxy, floury, and Canada flint, twice as high for sugary, and half as 
high for pop corn. Auxin precursor yield is from six to sixteen times that of the 
free auxin. It is of about the same magnitude in brittle, waxy, floury, and Canada 

TABLE 1 

Auxin yields from dormant maize endosperms of 

DIFFERENT TYPES (EMBRYOS REMOVED) 


Auxin yieijds in millions of tdc per gram dry weight 
(or tens of micrograms of indoleacetic acid) 


En»OSPEK.N! type* 

Method A 

Method B 

Method C 

Auxin 

PRECURSOR 

(total 

AUXIN MINUS 
FREE auxin) 

Free auxin 

(21 WASHES 
WITH WATER) 

Free auxin 
( i water 

EXTRACTION, 

10 MIN. AT 

25° C.) 

i 

Total auxin 
(water sus- 
pension AUTO- 
CLAVED at 
pH 9.6 AND 
120® C. FOR 

IS MIN.) 

BriUle 1 

0 56 

0.71 

5-2 

4.5 

Waxy 

0.64 

0.45 

5-9 

5.4 

Floury 

0-54 

0.58 

4-5 

3>9 

Siiji^arv 

I-S 

1-3 

13.2 

II . 9 

Flint (pop corn) 

0.26 

0.20 

3-2 

3-0 

Flint (Canada flint) ..... 

0,45 

0.50 

i 

6.0 

S-5 


^ I'irst four samples obtained through the courtesy of the Department of Plant Breeding, N.Y. 

State College of Agriculture, Cornell University. 

Hint. In common with free auxin, it is somewhat lower in pop corn endosperm and 
markedly higher in sugary. 

Thus of all the endosperm types tested, sugar corn endosperm was found to be 
the richest in both auxin and auxin precursor. 

Auxin assays of four commercial varieties of sugar corn gave the results re- 
ported in table 2. Of these, the variety Country Gentleman possessed the highest 
total auxin (free auxin plus auxin precursor). 

Auxin assays on immature corn kernels in various stages of development showed 
young kernels much richer in auxin than mature dormant ones. Such immature 
kernels are availalde at all times in commercial, dry-pack canned and frozen corn. 
Tests were therefore made on “Niblets” (Minnesota Valley Canning Company) 
and frozen cut Golden Bantam corn (Frosted Foods). Ten endosperms from each 
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sample were ground, heated in borate buffer at 120° C. and pH 9.6 for 15 minutes, 
neutralized, centrifuged, and the clear extract diluted for assay. Total auxin con- 
tent of the Niblet endosperms was 32 million TDC per gram dry weight (equiva- 
lent to 320 micrograms of indoleacetic acid) and of the frozen endosperms 34 mil- 
lion TDC per gram. The former had more than 3 million TDC free auxin per gram 
dry weight, the latter only 0.9 million. 

In view of the facts that indoleacetic acid has been isolated from corn (2) and 
that the auxin derived from the precursor is alkali stable (i), it is probable that 90 
per cent or more of the auxin obtainable from corn is indoleacetic acid. The total 
auxin yields reported for dry-pack canned and frozen corn (immature stages of 

Table 2 

Total auxin present in dormant kernels 

OF FOUR VARIETIES OF SUGAR CORN* 


Variety AuxiNf 

Bantam Evergreen no. 36010 g.o 

S to well’s Evergreen no. 261 72 1 1 . 4 

Country Gentlemen no. 38666 14.2 

Early Evergreen no. 26045 ^ - 4 


* Samples obtained through the courtesy of the Associat- 
ed Seed Growers, Inc., Milford, Connecticut. 

t In millions of TDC per gram dry weight of entire ker- 
nels (or in tens of niicrograms of indoleacetic acid) . 


sugar corn) are the ecjuivalent of more than 3^^ ^S* indoleacetic acid per kilo- 

gram dry weight. 

It is clear that kernels of sugar corn are much richer in auxin than those with 
brittle, waxy, floury, or flint endosperm. So far as can be determined, these are the 
first assays” demonstrating markedly different auxin storage in ontogenetically 
identical tissues from different varieties of the same species. 

Connecticut College 
New London; Connecticut 
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AKINETE FORMATION IN VAUCHERIA GEMINATA 




T 

1 

M. S. RANDHAWA 
(with eight figures) 

I 

An interesting variety of Vaucheria geminata (Vauch.) DC, probably var. 
I longisiipUaki Chapman 1934, was collected by the writer in December, 1939, from 

the Chenab Gardens, Chak no. 45 G.B., near Gojra, District Lyallpur, Punjab, 
I growing in the shade by the side of a water course. On examination it was found to 

' be so extensively segmented that it hardly appeared like a Vaucheria at all. This 



j Figs. 1-6.- Fig. i, primary septation into coenocytes. Figs. 2-4, advanced stages in akinete forma- 

tion. Fig. 5, mature akinetes. Fig. 6, same showing contents. 

t 

alga was again collected in December, 1940, and the same extensive akinete forma- 
tion was found as in the previous year. 

The purely vegetative filaments are 3o™5i fi in diameter and display extensive 
dichotomous branching, the branching being radially arranged. Sex organs are 
' very rarely formed and are borne at the ends of comparatively long branches, as in 

Chapman's ImtgisH pitata vMkty oi F. geminata described from Urbana, Ohio (i). 

The interest of this form lies in its extensive akinete formation. This mode of 
propagation is so common in this alga that it has practically displaced the sexual 
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I'node of propagation, which is found only as a relic siittideiit to establish its 
identity. 

A primary septation of the filament takes place by the thickening of the cel! 
wall, on account of the apposition of mucilaginous material at particular points on 
both sides (fig. i). These thickening bands are deposited radially, and protoplasm 
on both sides of the septa connects by means of narrow openings (fig. 2) . This con- 
dition has a superficial resemblance to that sometimes obtained in Sphaeroplea 
africana Fritsch, where, however, the septa are composed of a number of radial 
processes, while in this alga they are comparatively homogeneous. I he septa grow 



Figs, j , S. — Fig. 7 (left), general habit and early stages in akinete formation. I'ig. 8 (right), parts of 
filaments showing akinetes. 


radially and centripetally, iiltimately meeting in, the middle and fusing. 1 hus the 
filaments segment into a number of coenocytes, as in Cladopliora glomerata, 1 his 
process of the ingrowth of the cell wall is repeated until the (’f)enocyte is sulxlivicled 
into a number of akinetes (figs* 5, 8). Coenocytes constrirte<l in the middle, som(‘» 
what dumbbell-shaped, may commonly be found (tigs. 2 4). Sometimes ingrowth 
of cell wall may take place from one side only (figs. 2,6). In this proc(‘ss of st^g- 
mentation, islands of protoplasm may be left surrounded by thick mucilaginous 
material of the septa (fig, 3). Narrow projections of protoplasm, connected with 
the parent coeiiocyte on one side and recently cut off from a daughter akinete, 
may also be seen (fig. 4). Mature akinetes, more or less rectangular in outline, are 
rich in oil content and other food reserves, and sometimes have a more or less 
frothy appearance. They are 13-33 m long and 30--50 ju broad. 'J‘he contents stain 



RANDHAWA— VAUCHERIA 


8 ii 


1942] 




deep blue with Nile blue. It has not been possible to trace the ultimate fate of the 
akinetes and the mode of their liberation. 

Akinete formation in Vaucheria geminata has been described by Stahl (3). His 
iigures show the so-called cysts widely separated by more or less transparent 
septa, which is hardly the case with the Indian form. Like Stahl’s alga, here also 
seplation was noticed in a terrestrial alga, which was exposed to the risk of com- 
plete desiccation in a short time on account of the periodic closing of the canal 
water siq>ply in the water course. The thick mucilaginous walls insure the alga 
against the risk oi sudden desiccation, and the septation provides a more prolific 
and trllident method of propagation, almost completely substituting for a com- 
l)aratively comi.)licated mode of sexual propagation. 

As already observed, the dichotomously divided, richly segmented, and radially 1 

arranged branches of this alga hardly appear like those of a Vaucheria (fig. 7). In 
its general a[>pearance and mode of septation, resemblances to Cladophora are I 

obvious. 1 hat the coenocytic condition of Siphonales is derived from a septate 
('ondition appears plausible. The reappearance of a septate condition under un- 
favoral )le environmental conditions may be regarded as an atavistic feature. As in 
Cladophora^ the formation of septa in this alga is not related in any way with 
nuclear division. (Jltmann’s (2) view that the Siphonales, particularly the Vau- j 

ilieriaceae, are derived from septate forms like Cladophora appears to be con- ' 

siderably strengthened from these observations on the mode of septation in this | 

alga. 

C}i,ii:,..Li;::c’TyR'^s Hocsr: 

Am A, 'bsMA ; 
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Biological Sytuposia. VoL VI. Edited by Jaques Cattell. Lancaster, Pa.: Jaqiies Cattail 

Press, 1942. Pp. xii+355* Illristrated. 

This sixth volume in the series of biological symposia is under the editorship of Til Dob- 
XHANSKY. The subject matter is presented in three sections. 

I . Symposium on kmperature: Introduction by H. H. Plough; Temperature and spontaneous 
mutation, by H. H. Plough; Induction of polyploidy in animals by extremes of temperature, 
by G. Fankhauser; Temperature and the differentiation of characters in Drosophila^ by 
G. P. Child; Temperature factors in the development and evolution of sex, by Emil Witschi; 
Isolating mechanisms, evolution, and temperature, by H. J. Muller; Form and function in 
frizzle fowl: the interaction of hereditary potentialities and environmental temperature, by 
Walter Landauer; Seasonal factors in gall wasp distribution, by A. C, Kinsey; and Role of 
temperature in the speciation of frogs, by J. A. Moore. 

II. Symposium on isolating mechanisms: Role of i.solation in the differentiation of plant 
species, by G. L. Stebbins, Jr.; Isolating mechanisms in a complex of four toad species, by A. P. 
Blair; Isolating mechanisms in gall wasps, by A, C. Kinsey; and Isolating mechanisms in the 
genus Drosophilay by J. T. Patterson. 

III. Symposium on genetic ccnitrol of embryonic development: Role of genetic differentials in 
the embryonic development of amphibia, by V. C. Twitty ; Morphogenesis of genetic abnormali- 
ties in the chick, by V. Hamburger; and Physiological genetics of melanin pigmentation of the 
guinea pig, by Sewell Wright. 

The papers show an increasing realization among biologists that, no matter with what ma- 
terial and with the aid of what tools they may work, they are seeking an understanding and a 
control of life processes. These symposia are contributing greatly toward the attainment 
of these aims. — J. M. Beal. 

A Symposium on Respiratory Enzymes. Madison: University of Wisconsin Press, 1942. Pp. xii+ 

281. I3.00. 

The book contains the addresses given at the symposium held coniperatively b>' the Uni- 
versity of Wisconsin and the University of Chicago in September, 1941. The subjects (iiscussed 
are intermediate carbohydrate metabolism; oxidative mechanisms in animal tissues; hydrogen 
transport; Pasteureffect;oxidases, peroxidases, and catalase; nicotinamide nucleotide enzymes; 
flavoproteins; cytochromes; phosphorylation of carbohydrates; metabolic cycles and decar!)uxyl» 
ation; transamination; tumor, bacterial, and animal tissue respiration. 

The book is an excellent summary of what is probably the most active phase of enzyme 
chemistry. No attempt is made to treat each enzyme exhaustively. Rather, the plan is to give 
recent developments, to interpret these in relation to past findings, and to cal! attention to un- 
solved problems. The structure, mechanism of the action, and properties of the enzymes are 
emphasized. An interesting feature is several pages of informal photograjjhs of tho>:e attending 
the s}’mposium, including a number of the participants. — S. V. Eaton. 
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